Thermodynamics and kinetics of aqueous solution of liquid hydrocarbon mixtures (solutes, petroleum) by Burris, David Robert.
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1985 
Thermodynamics and kinetics of aqueous solution of liquid 
hydrocarbon mixtures (solutes, petroleum) 
David Robert. Burris 
College of William and Mary - Virginia Institute of Marine Science 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Geochemistry Commons, and the Physical Chemistry Commons 
Recommended Citation 
Burris, David Robert., "Thermodynamics and kinetics of aqueous solution of liquid hydrocarbon mixtures 
(solutes, petroleum)" (1985). Dissertations, Theses, and Masters Projects. Paper 1539616591. 
https://dx.doi.org/doi:10.25773/v5-78fv-9g79 
This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
INFORMATION TO USERS
This reproduction was made from a copy of a manuscript sent to u s  for publication 
and microfilming. While the moat advanced technology has been uaed to pho­
tograph and reproduce th is manuscript, the quality of the reproduction la heavily 
dependent upon the quality of the material submitted. Pages In any manuscript 
may have indistinct print. In all cases the beat available copy has been filmed.
The following explanation of techniques is provided to help clarity notations which 
may appear on this reproduction.
1. Manuscripts may not always be complete. When It is not possible to obtain 
missing pages, a note appears to Indicate this.
2, When copyrighted materials are removed from the m anuscript, a note ap­
pears to Indicate this.
3, Oversize materials 1 maps, drawings, and charts I are photographed by sec­
tioning the original, beginning at the upper left hand com er and continu­
ing from left to right In equal sections with small overlaps. Each oversize 
page Is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.*
4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. For 
an  additional charge, all photographs are available In black and  white 
standard 35mm slide format.*
•For more Informstioii abou t black uut white slid es or enlarged paper reproductions, 
please contact the Dissertations Customer Services Department
Urmeraiiy
M icroA ln w
In te rn a tio n a l

8604296
B u rr is , D tv ld  R o b e rt
THERMODYNAMICS AND KINETICS OF AQUEOUS SOLUTION OF LIQUID 
HYDROCARBON MIXTURES
Tfis Coftegti a t William and  Mary in  V irginia Ph .D. 1005
University 
Microfilms
International 300 N. ZMb Rood. Ann Aitor, Ml 48106

Thermodynamics  and  K i n e t i c s  o f  Aqueous S o l u t i o n  
o f  L i q u i d  Hydrocarbon M i x t u r e s
A D i s s e r t a t i o n  
P r e s e n t e d  to  
The F a c u l t y  o f  t h e  S c h o o l  oT M a r i n e  S c i e n c e  
The C o l l e g e  o f  W i l l i a m  and Mary i n  V i r g i n i a
i n  P a r t i a l  F u l f i l l m e n t  
Of t h e  R e q u i r e m e n t s  Tor t h e  D e g r e e  o f  
D oc to r  o f  P h i l o s o p h y
by
D av id  R o b e r t  B u r r i s  
December ,  1935
APPROVAL SHEET
T h i s  d i s s e r t a t i o n  i s  s u b m i t t e d  i n  p a r t i a l  f u l f i l l m e n t  of  
t h e  r e q u i r e m e n t s  f o r  t h e  d e g r e e  o f
Doc to r  o f  P h i l o s o p h y
David R o b e r t  B u r r i s
Approved ,  December 1985
W J L .  itJ . f l l O - f a
W il l i a m  G, M a c I n t y r e  Ph .D ,  , 
_p6f1Hql 11 aje Chairman/Advisor /
U  4 >■/&
C r a i g  L, Sm i th  P h * D . ”
o h n  D . B o o n  i l l  P h . D *
George  C. j^Sran t  Ph*D,
F i n d l a y  Li  S w ln t o n  Ph.D.  
U n i v e r s i t y  o f  U l s t e r
1
TABLE OF CONTENTS
ACKNOWLEDGMENTS................................................................................................................................ lv
LIST OF T A B L E S ...............................................................................................................................  v
LIST OF FIGURES.........................................................................................................................* , v i  I
ABSTRACT..............................................................................................................................................  I k
GENERAL INTRODUCTION...............................................................................................................* 2
1 . I n t r o d u c t i o n  , . , . ................................................................................................... 2
2 .  Review o f  L i t e r a t u r e  . . .........................  . . . . . . . . . . .  5
THERMODYNAMIC INVESTIGATIONS............................................................................................ 17
1 ,  Therntodynamlc P r i n c i p l e s ............................. . . . . . . . . . . .  17
2 . V a p o r  P r e s s u r e  E x p e r i m e n t s  . . . . . . . . . . .  ................... 21
a .  M a t e r i a l s  a n d  M ethods  ..........................  . . . . . . . . . .  21
b .  R e s u l t s  . . . . . . . . . . . . . . . . . . . . . . .  26
3* W ate r  S o l u b i l i t y  D e t e r m i n a t i o n s .  . . . . . . . . . . . . .  29
a t M a t e r i a l s  a n d  M ethods  . . . . . . . . . . . . . . . .  3i
b .  S i n g l e  H y d r o c a r b o n  W ate r  S o l u b i l i t y  R e s u l t s  . . , . . 3&
e ,  E r r o r  A n a l y s i s  a n d  D i s c u s s i o n ......................................... , . , 41
4 .  W a te r  S o l u b i l i t y  E x p e r i m e n t s  C o r r e s p O n d i n g  t o  Vapor  
P r e s s u r e  E x p e r i m e n t s ........................................* *    . 43
5 -  l - M e t h y l  n a p h t h a l e n e , n - O c t a n e  a n d  E q u i m o l a r
M i x t u r e  Water  S o l u b i l i t i e s  Trom 10 t o  7Q°C . * ................................46
6 .  Summary. . . . . . .  ................................... . . . . . .    54
ADDITIONAL SYSTEM STUDIES............................ * ...........................................................................56
1.  A d d i t i o n a l  S o l u b i l i t i e s  o f  B i n a r y  H y d r o c a r b o n  M i x t u r e s  . . 56
a* E x p e r i m e n t s  E x a m i n i n g  F u l l  Range o f  M i x t u r e
C o m p o s i t i o n s ,  . . . . . . . . . . . . . . . . . . . .  56
b .  E x p e r i m e n t s  E x a m i n i n g  A b b r e v i a t e d  Range o f
c o m p o s i t i o n s  f o r  1- M e t h y l n a p h t h a l e n e  * n - A l k a n e s .  , . 62
c * E x p e r i m e n t s  E x a m i n i n g  A b b r e v i a t e d  Range o f
c o m p o s i t i o n s  f o r  n - Q c t a n e  + A r o m a t i e s      . 65
2 .  S o l u b i l i t i e s  o f  T2 -Ccmponen t  S i m u l a t e d  J e t  F u e l s  ...................  67
3* M ethods  f o r  P r e d i c t i n g  t h e  S o l u b i l i t y  o f  L i q u i d
H y d r o c a r b o n  M i x t u r e s  . . . . . . . . . . . . . . . . . . .  67
4* S o l u b i l i t y  o f  a B i n a r y  H y d r o c a r b o n  M i x t u r e  i n  York R i v e r  
W ate r  and  A r t i f i c i a l  S e a w a t e r  -  E f f e c t s  o f  D i s s o l v e d  S a l t s  
and  D i s s o l v e d  O r g a n i c  M a t e r i a l  . . . . . . . . . . . . . .  77
5 .  D i s c u s s i o n  . . . . . . . . .  ........................................  . . . . . .  79
i i
P age
KINETICS OF HYDROCARBON MIXTURE SOLUTION................................................................... 8 ?
1. H ydroc a rbon  M i x t u r e s  or  C o n s t a n t  C o m p o s i t i o n  ............................... ft?
2.  H y d r o c a rb o n  M i x t u r e  oT C h a n g i n g  C o m p o s i t i o n  Due to  
E v a p o r a t i o n ,  . * p ■ * > p > > ■ « . . .  ■ * . * ► . . . .  68
a .  M a t e r i a l s  and  M ethods  . . . . . . . . . . . . . . . .  8 8
b .  R e s u l t s  and  D i s c u s s i o n .  . . . . .  .......................... . . . .  91
3. Summary............................................     97
CONCLUSIONS............................................................................................................................................. 98
THOUGHTS FOR FUTURE RESEARCH .............................................................................................  101
L IT E R A T U R E  C I T E D ............................................................................................................................ 103
111
ACKNOWLEDGEMENTS
I wish t o  e x p r e s s  ray a p p r e c i a t i o n  t o  Dr.  W i l l i a m  M a c I n t y r e  f o r  h i s  
I n s p i r a t i o n , g u i d a n c e ,  h e l p ,  c r i t i c i s m s  and g e n e r a l  good humor 
t h r o u g h o u t  t h e  c o u r s e  o f  t h i s  p r o j e c t .  The a d v i c e  and c r i t i c i s m s  
o f T e r e d  by Drs .  C r a i g  S m i t h ,  -John Boon,  George  G r a n t  and F i n d l a y  
Sw in to n  i n  r e g a r d  t o  t h l a  p r o j e c t  and  m a n u s c r i p t  a r e  g r a t e f u l l y  
a p p r e c i a t e d ,  I a l s o  w i s h  t o  t h a n k  P a u l  d e F u r ,  E l l e n  Harvey  and 
e s p e c i a l l y  Mary M i t t l g a  f o r  t h e i r  a s s i s t a n c e  i n  t h i s  p r o j e c t .  A 
s p e c i a l  e x p r e s s i o n  o f  t h a n k s  i s  e x t e n d e d  t o  my u i f e ,  Mary,  Tor  h e r  
f a i t h  and  enc o u ra g e m e n t  t h r o u g h o u t  t h i s  e n d e a v o r .
The f i n a n c i a l  s u p p o r t  o f  t h e  U n i t e d  S t a t e s  A i r  F o r c e  O f f i c e  o f  
S c i e n t i f i c  R e s e a r c h  i s  most g r a t e f u l l y  a p p r e c i a t e d .
i v
LIST OF TABLES
T a b le  P a g e
I .  B i n a r y  hydro  oar  bo n m i x t u r e  r e f r a c t i v e  i n d e x  c a l i b r a t i o n s
a t  21 C, . ,  ...........................................................................................................  24
I I .  H y d r o c a r b o n  vapor  p r e s s u r e  r e s u l t s  a n d  R e r t l i c h - K l a t e r
c o e f f i c i e n t s  c a l c u l a t e d  by t h e  m e t h o d  o f  B a r k e r  ( 1 9 5 3 )  . - 27
I I I .  H y d r o c a rb o n  w a t e r  s o l u b i l i t i e s  (mg/L ,  x ± i SD) a t  2Q°C
( u n l e s s  o t h e r w i s e  3 t a t e d ) ,  . . . . . . . . . .  ....................  , 37
IV. H y d r o c a r b o n  m i x t u r e  w a t e r  s o l u b i l i t y  r e s u l t s  c o r r e s p o n d ! n g
t o  m i x t u r e s  In T a b l e  I I I  44
V, A c t i v i t y  c o e f f i c i e n t s  In h y d r o c a r b o n  p h a s e  f o r  b i n a r y
h y d r o c a r b o n  m i x t u r e s  as  c a l c u l a t e d  f ro m  s t a t i c  v a po r  
p r e s s u r e ( v p )  and w a t e r  s o l u b l 1 i t y ( w a ) m e t h o d s .  . . . . . .  47
V I .  CJNIFAC c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  f o r  a 1 - m e t h y l -
n a p h t h a l e n e  (A) ■+ n - o c t a n e ( B )  m i x t u r e  (9 :1  m o l e  T r a c t i o n  
r a t i o )  , wi th  and w i t h o u t  w a t e r  p r o s e n t  i n  t h e  h y d r o c a r b o n  
p h a a e ,  a t  70 and  1 5 0 °C . . . . . . . . . . . . . . . . . .  49
V I I .  W a t e r  s o l u b i l i t y  o f  n - o c t a n e ( O C T ) , 1- m e t h y l  n a p h t h a l e n e  (MW)
a n d  t h e i r  e q u l m o i a r  m i x t u r e  a s  a f u n c t i o n  o f  t e m p e r a t u r e  . 50
V I I I .  H y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f f i c i e n t s  a s  a f u n c t i o n  o f
t e m p e r a t u r e  f o r  a  e q u l m o i a r  n - o c t a n e ( A )  + 1 - m e t h y l -  
n a p h t h a l e n e ! B )  m i x t u r e  c a l c u l a t e d  f rom  w a t e r  s o l u b i l i t y  
m e a s u r e m e n t s   .........................   51
IX. C n m p o s i t i o n a  o f  t h e  12 - c o m p o n e n t  s i m u l a t e d  J e t  f u e l
m i x t u r e s  , .  .........................  68
X, W a t e r  s o l u b i l i t i e s  o f  s i n g l e  h y d r o c a r b o n s ,  y s e d  in
s i m u l a t e d  J e t  f u e l  m i x t u r e s ,  m e a s u r e d  a t  20 C. . . . . .  . 69
XL. W a t e r  s o l u b i l i t i e s  o f  a n a l y z a b l e  c o m p o n e n t s  o f  J P - 4  a n d
J P - f l  s i m u l a t e d  J e t  f u e l s  and  7 , v a l u e s  c a l c u l a t e d  from
t h e s e  m e a s u r e m e n ts .  C o n c e n t r a t i o n  u n i t s  a r e  mg/L,  . . . .  70
XII .  P r e d i c t e d  s o l u b i l i t i e s  f o r  s i m u l a t e d  J e t  f u e l  m i x t u r e s
u s i n g  t h e  " e n h a n c e m e n t  f a c t o r *  c o n c e p t  o f  L e l n o n e n  (1976 )  
i n  p l a c e  o f  v a l u e s .  C o n c e n t r a t i o n  u n i t s  a r e  mg/L.  . 72
v
LIST OF TABLES -  C o n t in u e d
T a b l e  Farce
X I I I .  P r e d i c t e d  s o l u b i l i t i e s  f o r  s i m u l a t e d  J e t  f u e l  m i x t u r e s  
u s i n g  g r a p h i c a l  m ethod  f o r  p r e d i c t i n g  v a l u e s .
C o n c e n t r a t I o n  u n i t e  a r e  mg/L ♦ .........................  . . . . . . . .  73
XIV. P r e d i c t e d  s o l u b i l i t i e s  f o r  s i m u l a t e d  J e t  T ue l  m i x t u r e s
u s i n g  t h e  n u m e r i c a l  method o f  King (1969)  f o r  p r e d i c t i n g
Y. . . .  Y a lue 3 .  C o n c e n t r a t i o n  u n i t s  a r e  mg/L,  . . . . . . .  76I ( h )
XV. P r e d i c t e d  s o l u b i l i t i e s  f o r  s i m u l a t e d  J e t  T ue l  m i x t u r e s  
u s i n g  UNIFAC p r e d i c t e d  Y , . v a l u e s .  C o n c e n t r a t i o n  u n i t s
a r e  mg/L . . . . . . .  .........................  . . . . . . . . . . . .  78
XVI. W a te r  s o l u b i l i t y  o f  a m e t h y l c yclohexane(MCH) + 1 - m e t h y l *  
n a p h th a l en e (M N )  m i x t u r e  ( 0 . 2 0 1 5  m o le  f r a c t i o r i  MN) in  
d e i o n i z e d  w a t e r ,  14 p p t  a r t i f i c i a l  s e a w a t e r  and  14 ppt
York R iv e r  w a t e r .  C o n c e n t r a t i o n  u n i t s  a r e  mg/L .  . , . , , 80
XVII . M e th y l c y c l o h e x a n e ( M C H ) / 1 - m e th y l  n a p h t h a l e n e ( H N )  c o n c e n t r a ­
t i o n  r a t i o s  f o r  a k i n e t i c  w a t e r  s o l u b i l i t y  e x p e r i m e n t  
u s i n g  KN ■* MCH ( 0 ,2 0 1 1  mole f r a c t i o n  MIX) a s  t h e  
h y d r o c a r b o n  p h a s e ...................................................... . ..............................   . S3
XV II I .  E t h y l b e n z e n e ( E B ) / t e t r a l i n ( T H N ) c o n c e n t r a t i o n  r a t i o s  and 
s o l u t e  c o n c e n t r a t i o n s  as  a p e r c e n t  o f  s a t u r a t i o n  f o r  a 
k i n e t i c  w a t e r  s o l u b i l i t y  e x p e r i m e n t  u s i n g  EB *■ THN
( 0 . 2 5 3 2  mole  f r a c t i o n  EB) a s  t h e  h y d r o c a r b o n  p h a s e  . . . .  84
XIX. E t h y l  benzene  ( E B ) / t e t r a l i n ( T H N )  c o n c e n t r a t i o n  r a t i o s  i n  
s h o r t - t e r m  k i n e t i c  w a t e r  s o l u b i l i t y  e x p e r i m e n t  u s i n g  EB *
THN ( 0 .2 5 0 4  mole  f r a c t i o n  EB) as  t h e  h y d r o c a r b o n  p h a s e
a t  two d i f f e r e n t  s t i r r e r  s p e e d s .  . . . . . . . . . . . . .  8?
XX. Aqueous  p h a s e  c o n c e n t r a t i o n  (mg/L)  i n  a  k i n e t i c  s o l u b i l i t y  
e x p e r i m e n t  u s i n g  f o u r - c o m p o n e n t  h y d r o c a r b o n  m i x t u r e  
( 0 . 7 ^ 7 4  mole f r a c t i o n  m e t h y l c y c l o h e x a n e , MCH; 0 .0 5 0 7  mole 
f r a c t i o n  e t h y l b e n z e n e ,  EB; 0 ,1 0 0 1  m o le  f r a c t i o n  t e t r a l i n ,
T.iN ; 0 , 1 0 1 7  mole  f r a c t i o n  1- m e t h y l n a p h t h a l e n e , MN) . . . .  89
Vl
LIST OF FIGURES
F i g u r e
1 .  S c h e m a t i c  o r  v a p o r  p r e s s u r e  a p p a r a t u s  u s e d  In  2 0 0C e x p e r ­
i m e n t s .  AG -  a b s o l u t e  g a u g e ;  M -  m a g n e t i c  s t i r r e r ;  P -  
pump. , . . .       . * . .
2 .  S c h e m a t i c  o f  v a p o r  p r e s s u r e  a p p a r a t u s  u s e d  i n  70°C e x p e r ­
i m e n t ,  AG -  a b s o l u t e  g a u g e ;  DG -  d i f f e r e n t i a l  g a u g e ;  M -
m a g n e t i c  s t i r r e r ;  S -  s e p t u m ;  P -  pum p...............................  . . . .
3 . D e s i g n  o f  w a t e r  s o l u b i l i t y  v e s s e l  ...............................................................
4 .  S t a n d a r d  c u r v e  u s e d  t o  d e t e r m i n e  1 - m e t h y l n a p h t h a l e n e
. s o l u b i l i t y  i n  t h e  r a d l c l a b e l l e d  w a t e r  s o l u b i l i t y  
e x p e r i m e n t .  , . . , ........................... ....... ......................................... . . . .
5 .  S o l u b i l i t y  o f  w a t e r  i n  s i n g l e  h y d r o c a r b o n s ,  1 - m e t h y l -
n a p h t h a l e n e  and n - o c t a n e ,  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  
(Brady  e t  a l . ,  1902 ;  E n g l i n  e t  a l . ,  19&5) .........................................
6 .  W a te r  s o l u b i l i t y  r e s u l t s  f o r  n - o c t a n e  + 1- m e t h y I n a p h t h a -
l e n e  s y s t e m .  S o l i d  and  d a s h e d  l i n e s  c o r r e s p o n d  t o  t h e  
l e f t  and  r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  c o n c e n t r a t i o n  
a r e  mg/L.        . . .
7 .  Water  s o l u b i l i t y  r e s u l t s  f o r  r o e t h y l c y c l o h e x a n e  + 1 - m e t h y l -
n a p h t h a l e n e  s y s t e m .  S o l i d  a n d  d a s h e d  l i n e s  c o r r e s p o n d  t o  
t h e  l e f t  a n d  r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  
c o n c e n t r a t  i o n  a r e  m g/L .......................... .....
8 .  Water  s o l u b i l i t y  r e s u l t s  f o r  1 , J J - d i m e t h y l n a p h t h a l e n e  *
n - o c t a n e  s y s t e m .  S o l i d  a n d  d a s h e d  l i n e s  c o r r e s p o n d  t o  t h e  
l e f t  a n d  r i g h t  a x e s ,  r e s p e c t i v e l y ,  U n l t 3  o f  c o n c e n t r a t i o n  
a r e  m g /L ................................................................................................................................
9 .  W a te r  s o l u b i l i t y  r e s u l t s  f o r  n a p h t h a l e n e  + n - o c t a n e
Sy s t em ,  S o l i d  a n d  d a s h e d  l i n e s  c o r r e s p o n d  t o  t h e  l e f t  a nd  
r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  c o n c e n t r a t i o n  a r e  mg/L ,
10. Wate r  s o l u b i l i t y  r e s u l t s  f o r  m e t h y l c y c l o h e x a n e  + n - o c t a n e  
S y s t em .  S o l i d  a n d  d a s h e d  l i n e s  c o r r e s p o n d  t o  t h e  l e f t  and  
r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  c o n c e n t r a t i o n  a r e  mg/L.
11. Wate r  s o l u b i l i t y  r e s u l t s  f o r  1 , i l - d i m e t h y l n a p h t h a l e n e  +
1 - m e t h y l n a p h t h a l e n e  s y s t e m .  S o l i d  a n d  d a s h e d  l i n e s  
c o r r e s p o n d  t o  t h e  l e f t  a n d  r i g h t  a x e s ,  r e s p e c t i v e l y ,
U n i t 3  o f  c o n c e n t r a t i o n  a r e  mg/L  .............................................   .
v i i
Page
22
25
32
UO
40
58
58
59
59
6 0
60
LIST OF FIGURES -  Cont inued
F i g u r e
1 2 .
13-
14 .
1 5 .
1 6 .
1 7 .
i e .
1 9 .
W a t e r  s o l u b i l i t y  r e s u l t s  f o r  n a p h t h a l e n e  * 1 - m e t h y l -  
n a p h t h a l e n e  s y s t e m .  S o l i d  a n d  d a s h e d  l i n e s  c o r r e s p o n d  t o  
l e f t -  and r i g h t - h a n d  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  
c o n c e n t r a t i o n  a r e  m g /L .  61
Q u o t i e n t s  o f  T - rae thy lnaph tha lene(M fcO s o l u b i l i t i e s  o v e r  
t h e i r  i d e a l  s o l u b i l i t i e s  f o r  a  s e r i e s  o f  KN + n - a l k a n e  
b i n a r y  m i x t u r e s .  E r r o r  b a r s  r e p r e s e n t  90S c o n f i d e n c e  
l i m i t s  f o r  t h e  mean , .  .................................................................   . . . 63
B e n z e n e  a c t i v i t y  c o e f f i c i e n t  v a l u e s  f o r  b e n z e n e  + n - a l k a n e  
s y s t e m s  a t  25 C o b t a i n e d  from t h e  l i t e r a t u r e .  64
Q u o t i e n t s  o f  o b s e r v e d  a r o m a t i c  com p o n e n t  s o l u b i l i t i e s  o v e r  
t h e i r  i d e a l  s o l u b i l i t i e s  f o r  a s e r i e s  o f  a r o m a t i c  * 
n - o c t a n e  b i n a r y  m i x t u r e s .  E r r o r  b a r s  r e p r e s e n t  t h e  90% 
c o n f i d e n c e  l i m i t s  f o r  t h e  m ean .  The i n t e r s e c t i o n s  o f  t h e  
s o l i d  and v e r t i c a l  d a s h e d  l i n e s  a r e  u s e d  i n  t h e  g r a p h i c a l  
m e t h o d  f o r  p r e d i c t i n g  m u l t i c o m p o n e n t  m i x t u r e  Y , ,  , v a l u e s  
a s  d e s c r i b e d  l a t e r  I n  t h e  t e x t .  . . . . . .  .....................  . . .  66
W a t e r  s o l u b i l i t y  v e s s e l  used  i n  e x p e r i m e n t  i n  w h i c h  t h e  
h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  c h a n g e d  due  t o  e v a p o r a t i o n ,  
a  -  aqueous  p h a s e ;  b  -  h y d r o c a r b o n  p h a s e ;  o -  m a g n e t i c  
s t i r b a r ;  d -  w a t e r  s a m p l i n g  t u b e s j  e -  r e m o v a b l e  sep tum  
f i t t i n g .............................   * . ,   90
H y d r o c a r b o n  ph a 3 e  c o m p o s i t i o n  a s  a f u n c t i o n  o f  t i m e  . . . .  92
H y d r o c a r b o n  c o n c e n t r a t i o n s  i n  t h e  a q u e o u s  p h a s e  a s  a 
f u n c t i o n  o f  t i m e .  . . . . . . . . . . . . . . . . . . . . .  93
H y d r o c a r b o n  c o n c e n t r a t i o n s  i n  t h e  a q u e o u s  p h a s e ,  a s  a 
p e r c e n t  of  s a t u r a t i o n  c o n c e n t r a t i o n  w i t h  r e s p e c t  t o  t h e  
h y d r o c a r b o n  p h a s e  c o m p o s i t i o n ,  a s  a f u n c t i o n  o f  t i m e .  . . .  95
v i  i  i
ABSTRACT
T w o - p h a s e  s y s t e m s  o f  a l i q u i d  h y d r o c a r b o n  m i x t u r e ,  c o n t a i n i n g  
medium m o l e c u l a r  w e i g h t  (C„-C ) a r o m a t i c  a n d  a l i p h a t i c  h y d r o c a r b o n s ,
and  w a t e r  were  examined  i n  bo th  e q u i l i b r i u m  and  k i n e t i c  e x p e r i m e n t s . 
K now ledge  o f  t h e  a q u e o u s  s o l u t i o n  b e h a v i o r  o f  l i q u i d  h y d r o c a r b o n  
m i x t u r e s  i s  o f  i m p o r t a n c e  In  d e t e r m i n i n g  t h e  f a t e  o f  h y d r o c a r b o n  
c o m p o n e n t s  i n  s u c h  s y s t e m s  o f  an e n v i r o n m e n t a l  o r  g e o l o g i c  n a t u r e .
The  e q u i l i b r i u m  s o l u t e  c o n c e n t r a t i o n  f ° r 0 a g i v e n  com p o n e n t  i ( C j ) 
I s  r e l a t e d  t o  t h e  p u r e  compound s o l u b i l i t y  ( C . )  , m o le  f r a c t i o n  o f  
component  1 i n  t h e  h y d r o c a r b o n  p h a s e  t h e  a c t i v i t y
c o e f f i c i e n t  of  component  i i n  t h e  h y d r o c a r b o n  p h a s e  ( l , , by t h e  
f o l l o w i n g :
C 1 " lti ( h ) Tt ( h l Ci
T . ,  . v a l u e s  d e t e r m i n e d  f o r  b i n a r y  h y d r o c a r b o n  m i x t u r e s  u s i n g  s t a t i c  
vapor  p r e s s u r e  m e a s u r e m e n t s  ( a t  JO a n d  70 CJ a n d  j a l  ues
d e t e r m i n e d  u s i n g  w a t e r  s o l u b i l i t y  r e s u l t s  ( a t  JO and  70 C) a n d  t h e  
a b o v e  e q u a t i o n  d i d  n o t  d i f f e r  s i g n i f i c a n t l y .  T h i s  f i n d i n g  i n d i c a t e d  
t h a t  c om ponen t  a que ous  p h a s e  a c t i v i t y  c o e f f i c i e n t s  do n o t  d e c r e a s e  
m e a s u r a b l y  i n  t h e  p r e s e n c e  o f  h y d r o c a r b o n  c o - s o l u t e s ,  i n  c o n t r a d i c t i o n  
t o  L e i n o n e n  and Mackay,  1973 and  L e i n o n e n ,  1976 ,  and  t h a t  t h e  p r e s e n c e  
of  w a t e r  i n  t h e  h y d r o c a r b o n  p h a s e  i s  n o t  a s i g n i f i c a n t  p a r a m e t e r  a t  
t h e s e  t e m p e r a t u r e s , Methods f o r  p r e d i c t i n g  m u l t i c o m p o n e n t  m i x t u r e  
s o l u b i l i t i e s  a r e  p r e s e n t e d .
N o n - e q u i l i b r i u m  s o l u t i o n s  r e s u l t i n g  from water i n  c o n t a c t  w i t h  a 
l i q u i d  h y d r o c a r b o n  mixture have 3 d u t e  c o n c e n t r a t i o n  r a t i o s  t h a t  e r e  
e s s e n t i a l l y  t h e  same a s  t h o s e  f o u n d  unde r  e q u i l i b r i u m  c o n d i t i o n s  
a s s u m i n g  t h a t  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  d i d  n o t  c h a n g e  
s u b s t a n t i a l l y  i n  t h e  p r o c e s s ,  A s u r f a c e  r e n e w a l  mass  t r a n s f e r  model i s  
u se d  t o  e x p l a i n  t h i s  r e s u l t .  The m ass  t r a n s f e r  model c a n  a l s o  be  u s e d  
t o  h e l p  e x p l a i n  n o n - e q u i l i b r i u m  s o l u t e  c o n c e n t r a t I o n s  r e s u l t i n g  frcm 
water i n  c o n t a c t  w i t h  a  h y d r o c a r b o n  phase o f  c h a n g i n g  c o m p o s i t i o n  due 
p r i m a r i l y  t o  e v a p o r a t i o n .
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THERMODYNAMICS AND KINETICS OF AQUEOUS SOLUTION 
OF LIQUID HYDROCARBON MIXTURES
GENERAL I  NT EjODUCTTOM
1 . I n t r o d u c t i o n
Two-pb a s e  s y s t e m s  o f  a l i q u i d  h y d r o c a r b o n  m i x t u r e  In  c o n t a c t  w i t h  
w a t e r  a r e  e n c o u n t e r e d  I n  a v a r i e t y  o f  e n v i r o n m e n t a l  and g e o l o g i c a l  
s i t u a t i o n s .  Knowledge  o f  t h e  a q u e o u s  s o l u t i o n  b e h a v i o r  o f  l i q u i d  
h y d r o c a r b o n  m i x t u r e s  i s  o f  I m p o r t a n c e  i n  d e t e r m i n i n g  t h e  f a t e  o f  
h y d r o c a r b o n  c o m p o n e n t s  I n  s u c h  s y s t e m s ,
P e t r o l e u m  i s  p r i m a r i l y  a 1 1 q u l d  m l x t u r e  o f  h y d r o c a r b o n s .
P e t r o l e u m  d i s c h a r g e s  i n  t h e  a q u a t i c  e n v i r o n m e n t  a r e  o f  p a r t i c u l a r  
c o n c e r n  w i t h  r e s p e c t  t o  m e t a b o l i s m  by a n d  t o x i c i t y  t o  b i o t a .  Knowledge  
o f  t h e  d i s s o l u t i o n  p r o c e s s  i n  c o n j u n c t i o n  w i t h  o t h e r  p r o c e s s e s  f t . e .  
e v a p o r a t i o n ,  a d v e c t i o n ,  d i s p e r s i o n ,  o x i d a t i o n ,  s e d i m e n t  i n t e r a c t i o n s  
a n d  m i c r o b i a l  d e g r a d a t i o n )  c a n  h e l p  i n  d e t e r m i n i n g  t h e  e x p o s u r e  o f  
b i o t a  t o  p e t r o l e u m - d e r i v e d  c o n t a m i n a n t s .
S u b t e r r a n e a n  s i t u a t i o n s  e x i s t  I n  which  a p e t r o l e u m  d i s c h a r g e  
c r e a t e s  a l e n s  o f  o i l  on t o p  o f  t h e  w a t e r  t a b l e .  S e d l m e n t - w a t e r -  
c o n t a m i n a n t  i n t e r a c t i o n s  o c c u r r i n g  i n  c o n j u n c t i o n  w i t h  t h e  d i s s o l u t i o n  
p r o c e s s  a r e  o r  p a r t i c u l a r  I m p o r t a n c e  i n  a t t e m p t i n g  t o  u n d e r s t a n d  t h e  
f a t e  o f  p e t r o l e u m  c o m pone n t s  i n  g r o u n d  w a t e r .
The c o m p o s i t i o n  o f  a r e s e r v o l r e d  o i l  may c h a n g e  due  to  component  
d i s s o l u t i o n  i n t o  an a s s o c i a t e d  w a t e r  p h a a e ,  Some c u r r e n t  t h e o r i e s  o f  
p e t r o l e u m  m i g r a t i o n  f rom  t h e  s o u r c e  r o c k  t o  t h e  r e s e r v o i r  r e c k  i n c l u d e  
w a t e r  a s  t h e  t r a n s p o r t  medium. Knowledge  o f  t h e  a q u e o u s  s o l u t i o n  
b e h a v i o r  o f  h y d o c a r b o n  m i x t u r e s ,  I n  c o n j u n c t i o n  w i t h  s e d im e n t  
i n t e r a c t i o n s ,  may be o f  i m p o r t a n c e  I n  t h e s e  c a s e a .
Consl  d e r a b l e  e f f o r t  has  b e e n  made t o  d e t e r m i n e  t h e  a q u e o u s  
s o l u b i l i t i e s  o f  s i n g l e  h y d r o c a r b o n s  ( M c A u l i f f e ,  1 9 66 ;  S u t t o n  and  
C a l d e r , 1975; P r i c e *  1976;  Mackay a n d S h l u ,  1977 ;  1981 ;  Way* 1978;  
W h l t e h o u s e ,  198*1; among o t h e r s ) .  S i n g l e  can pound s o l u b i l i t y  o f  a 
h y d r o c a r b o n  may n o t  be S u f f i c i e n t  t o  d e t e r m i n e  i t s  s o l u b i l i t y  when I t  
i s  p a r t  o f  a m i x t u r e .  S o l i d  m i x t u r e s  of  h y d r o c a r b o n s  ( o r  o r g a n l c s ,  i n  
g e n e r a l )  t end  t o  y i e l d  component  s o l u t e  c o n c e n t r a t i o n s  t h a t  a r e  t h e  
same a s  the s i n g l e  compound s o l u b i l i t y  ( E g a n h o u s e  and  C a l d e r ,  1976 ;  
B a n e r j e e ,  1984) ,  A m i x t u r e  of  s o l i d  h y d r o c a r b o n s  i s ,  h o w e v e r ,  a 
d i f f e r e n t  the rm odynam ic  s y s t e m  t h a n  a m i x t u r e  o f  l i q u i d  h y d r o c a r b o n s .
An e x a m i n a t i o n  o f  t h e  a q u e o u s  s o l u b i l i t y  b e h a v i o r  o f  m i x t u r e s  of  s o l i d  
h y d r o c a r b o n s  w ou ld  add  l i t t l e  t o  an u n d e r s t a n d i n g  o f  t h e  a q u e o u s  
s o l u b i l i t y  b e h a v i o r  o f  l i q u i d  m i x t u r e s  o f  h y d r o c a r  bona s u c h  as  
p e t r o l e u m .
The a q u e o u s  s o l u b i l i t i e s  o f  some l i q u i d  b i n a r y  m i x t u r e s  o f  
h y d r o c a r b o n s  ( o r  o r g a n l c s ,  i n  g e n e r a l )  h a v e  been e x a m in e d  by L e i n o n e n  
and Mackay (1973)  * Green and P r a n k  (1979)*  T e v a r l  e t  a l , ( 1 9 8 2 )  a n d  
B a n e r j e e  ( 1 9 8 k ) .  L e ln o n en  (1976 ) e xa m ined  t h e  a q u e o u s  s o l u b i l i t y  o f  
more complex m i x t u r e s  of  h y d r o c a r b o n s .  The common o b s e r v a t i o n  o f  t h e  
a b o v e  a u t h o r s  was t h a t  t h e  a q u e o u s  s o l u b i l i t y  o r  a  component  o f  a  
l i q u i d  m i x t u r e  was r e l a t e d  t o  I t s  p u r e  compound s o l u b i l i t y ,  t h e  m o l e  
T r a c t i o n  of  t h a t  component  i n  t h e  h y d r o c a r b o n  ( o r  o r g a n i c )  p h a s e  and 
i t s  a c t i v i t y  c o e f f i c i e n t  i n  t h e  h y d r o c a r b o n  ( o r  o r g a n i c )  p h a s e ,
L e i n c n e n  a n d  Mackay ( 1 9 7 3 )  ar>d L e i n o n e n  ( 1 9 7 6 )  a l s o  s t a t e  t h a t  
t h e y  o b s e r v e d  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  h y d r o c a r b o n  com ponen t  
a c t i v i t y  c o e f f i c i e n t s  i n  t h e  a q u e o u s  p h a s e .  A r e d u c t i o n  i n  t h e  a q u e o u s  
p h a s e  a c t i v i t y  c o e f f i c e n t  w o u ld  have  a p o s i t i v e  e f f e c t  on  s o l u b i l i t y .
Such o b s e r v a t i o n s ,  i r  c o r r e c t ,  may I n d i c a t e  s i g n i f i c a n t  h y d r o p h o b ic  
i n t e r a c t i o n s  and have  c o n s i d e r a b l e  i m p l i c a t i o n s  aa t o  t h e  r o l e  o f  w a t e r  
as  a s o l v e n t  f o r  h y d r o p h o b ic  m o l e c u l e s .  Green and F r a n k  (1979)  d i d  n o t  
o b s e r v e  a  r e d u c t i o n  In t h e  a q u e o u s  p h a s e  a c t i v i t y  c o e f f i c i e n t *
A major  p u r p o s e  of  t h e  p r e s e n t  s t u d y  was t o  f u r t h e r  examine t h e  
e q u i l i b r i u m  a q u e o u s  s o l u b i l i t y  b e h a v i o r  o f  l i q u i d  h y d r o c a r b o n  m i x t u r e s  
and d e t e r m i n e  I f  a  r e d u c t i o n  i n  t h e  hydooa rbon  a c t i v i t y  c o e f f i c i e n t  i n  
t h e  aqueou3 p h a s e  can be d e t e c t e d  w i t h i n  t h e  p r e c i s i o n  o f  w a te r  
s o l u b i l i t y  measurements*
O t h e r  g o a l s  i n c l u d e :
E x a m i n a t i o n  o f  the  s o l u b i l i t y  o f  r e l a t i v e l y  complex  m i x t u r e s  o r  
h y d r o c a r b o n s  w h ic h  s i m u l a t e  a c t u a l  f u e l s  and  e s t a b l i s h m e n t  of a d e q u a t e  
m ethods  of  p r e d i c t i n g  t h e i r  s o l u b i l i t y .  The ' e n h a n c e m e n t  f a c t o r '  
c o n c e p t  o f  Le lnonen  (1976)  was t h e  o n l y  p r e v i o u s  m ethod  of  p r e d i c t i n g  
m u l t i c o m p o n e n t  h y d r o c a r b o n  m i x t u r e  w a t e r  s o l u b i l i t i e s *
E x a m i n a t i o n  o f  t h e  r o l e  o f  n a t u r a l  l e v e l s  o f  d i s s o l v e d  s a l t s  and 
d i s s o l v e d  o r g a n i c  m a t e r i a l  on t h e  aqueous  s o l u b i l i t y  b e h a v i o r  o f  l i q u i d  
h y d r o c a r b o n  m i x t u r e s .  P r e v i o u s  work i n  t h e s e  a r e a s  ha s  o n l y  t r e a t e d  
s i n g l e  com ponen t s .
E x a m in a t i o n  o f  the k i n e t i c s  o f  l i q u i d  h y d r o c a r b o n  m i x t u r e  s o l u t i o n  
I n  w a t e r ,  R e s e a r c h  in  t h i s  a r e a  was n o t  found  I n  t h e  l i t e r a t u r e .  The 
k i n e t i c s  o f  t h e  s o l u t i o n  p r o c e s s  I s  i m p o r t a n t  s i n c e  e q u i l i b r i u m  
s i t u a t i o n s  a r e  r a r e l y  e n c o u n t e r e d  i n  t h e  e n v i r o n m e n t .
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2,  Review of L i t e r a t u r e
Water i s  a u n i q u e  l i q u i d  w i t h  many anomalous  p r o p e r t i e s .  Wate r  i s  
s t r u c t u r e d ,  and r e v i e w s  of v a r i o u s  w a t e r  s t r u c t u r e  t h e o r i e s  have  been 
g i v e n  by Horne (1966)  and  Ben-Naim (197*1)1 among o t h e r s .  Host  r e c e n t  
t h e o r i e s  s u g g e s t  t h a t  In  o r d e r  Tor  h y d r o p h o b i c  m o l e c u l e s  sunh  as  
h y d r o c a r b o n s  t o  d i s s o l v e  in  w a t e r ,  c a v i t i e s  or  1,h o l e 3 11 In h i g h l y  
s t r u c t u r e d  w a te r  a r e  c r e a t e d  t o  accommodate  t h e  n o n - p o l a r  m o l e c u l e s  and 
I s o l a t e  them from t h e  bu lk  w a t e r .
Water i s  a v e r y  s t r o n g l y  and  r e g u l a r l y  h y d r o g e n  bonded L i q u i d ,  
w h i c h  a c c o u n t s  f o r  many o f  i t s  a nom alous  p r o p e r t i e s ,  a s  wel l  a s  f o r  
many o f  the  d i f f i c u l t i e s  e n c o u n t e r e d  i n  e s t a b l i s h i n g  an a d e q u a te  
q u a n t i t a t i v e  t h e o r y  o f  l i q u i d  w a t e r  o r  a que ous  s o l u t i o n s  of non-  
e l  e c t r o l y t e s . "Ho o n e  has  ye t  p r o p o s e d  a q u a n t i t a t i v e  t h eo ry  o f  
a q u e o u s  s o l u t i o n s  o f  n o n - a l  e c t r o l y t e s , and s u c h  s o l u t i o n s  w i l l  p r o b a b l y  
be t h e  l a s t  to  be u n d e r s t o o d  f u l l y . "  (page  17^, Rowllnson and S min t  o r , , 
T9&2). S ince  no a d e q u a t e  t h e o r y  l a  a v a i l a b l e ,  an u n d e r s t a n d i n g  o f  
a q u e o u s  s o l u t i o n s  o f  n o n - e l e c t r o l y t e s  may b e a t  be g a i n e d  th rough  
e x p e r i m e n t a l  o b s e r v a t i o n s .
The f i r s t  d e t a i l e d  s tudy  o f  t h e  aqueous  s o l u b i l i t y  of  l i q u i d  
h y d r o c a r b o n  m i x t u r e s  was r e p o r t e d  by L e i n o n e n  and  Mackay ( 1 9 7 3 ) ,  who 
examined  the  a q u e o u s  s o l u b i l i t y  o f  b i n a r y  h y d r o c a r b o n  sys tems 
c o n t a i n i n g  c y c l o h e x a n e  and benzene  w i t h  e a c h  of  n - h e x a n e ,  1 - h e x e n e  and
2 - m e t h y lp e n ta n e  a t  &5°C, They d e r i v e d  th e  f o l l o w i n g  r e l a t i o n s h i p  b a s e d  
upon  t h e  th erm odynam ics  o f  a two p h a s e  w a t e r - h y d r o c a r b o n  sys tem :
* i ( w )  ’  * l ( h )  Vi ( h )  7 ,  T  , M>l [wj
, w he re  la t h e  mole f r a c t i o n  o f  component  I i n  t h e  a que ous  p h a s e  ,
i *  the mole f r a c t i o n  of  component  i i n  t h e  h y d r o c a r b o n  p h a s e ,
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i s  t h e  a c t i v i t y  c o e f f i c i e n t  o f  component  1 i n  t h e  h y d r o c a r b o n  
p h a s e  and i a  t}ie aqueous  p h a s e  a c t i v i t y  c o e f f i c i e n t  o f  component
1.  Assuming i fl  ™>t r e d u o e d  by t h e  p r e s e n c e  o f  e t h e r  h y d r o c a r b o n
c o s o l u t e s ,  * a t h e  Pu r e  compound s o l u b i l i t y  o r  com p o n e n t  i
A more d e t a i l e d  e x a m i n a t i o n  o f  t h e r m o d y n a m ic  p r i n c i p l e s  
i n v o l v e d  i n  t h e  t w o - phase  h y d r o c a r  b o n - w a t e r  s y s t e m  I s  p r e s e n t e d  i n  a 
l a t e r  s e c t i o n ,
Leinonen and  Mackay 0 9 7 3 )  e q u i l i b r a t e d  h y d r o c a r b o n - w a t e r  s y s t e m s  
by  a g i t a t i o n  f o l l o w e d  by s e t t l i n g .  They  a d m i t t e d  d i f f i c u l t i e s  I n  
r e m o v i n g  r e s u l t i n g  d r o p l e t s  and  d i s c a r d e d  d a t a  t h a t  a p p e a r e d  t o  be a t  
e r r o r  due t o  d r o p l e t s .  T h e i r  a n a l y t i c a l  p r o c e d u r e  i n v o l v e d  a  s i n g l e  
s o l v e n t  e x t r a c t i o n  w i t h  a h i g h e r  m o l e c u l a r  w e i g h t  s o l v e n t ,  h e p t a n e ,  and 
a n a l y s i s  by gas  c h r o m a t o g r a p h y . T h e y  e x a m i n e d  t h e  p o s s i b l e  s o u r c e s  o f  
e x p e r i m e n t a l  e r r o r  a n d  c o n c lu d e d :  " I n  view oT t h e  v e r y  d i l u t e  s o l u t i o n s  
e n c o u n t e r e d  i t  i s  d i f f i c u l t  t o  o b t a i n  good a c c u r a c y  w i t h  t h e  e x t r a c t i o n  
a n a l y t i c a l  p r o c e d u r e . "  (page 23 0 .  L e in o n en  a n d  Mackay (1 9 7 3 )  d i d  no t  
t a k e  i n t o  a c c o u n t  t h e  p r e c i s i o n  o f  t h e i r  s o l u b i l i t y  m e a s u r e m e n t s  ( I . e . ,  
t h e y  d i d  n o t  r e p o r t  o r  c o n s i d e r  s t a n d a r d  d e v i a t i o n s  or  c o n f i d e n c e  
l i m i t s  of  t h e  s o l u b i l i t y  v a l u e s ) .  Moat of  t h e  e x p e r i m e n t a l  r e s u l t s ,  
e v e n  as  means o f  e x p e r i m e n t a l  d e t e r m i n a t i o n s ,  w o r e  n o t  g i v e n .
Sane o f  t h e  h y d r o c a r b o n  m i x t u r e  v a l u e s  were  o b t a i n e d  by
L e i n o n e n  and Mackay C T9733 from p u b l i s h e d  v a p o r - l i q u i d  e q u i l i b r i a  ( VLE )
d a t a .  O the r  h y d r o c a r b o n  m i x t u r e  y t t l _> v a l u e s  u s e d  were  e s t i m a t e d  from
L ( h )
p u b l i s h e d  VLE d a t a  o n  s i m i l a r  a y s t « n s .  E r r o r s  a s s o c i a t e d  w i t h  t h e
y .  v a l u e s  u se d  by L e in o n en  a n d  Mackay (1 9 7 3 )  a r e  n o t  known.  i ( h j
L e in o n en  and  Mackay (1973)  a n a l y z e d  t h e  r e s u l t s  of  t h e i r  d a t a  
u s i n g  u n o r th o d o x  a n d  I m prope r  s t a t i s t i c s .  T h e y  r e p o r t  t h e i r  r e s u l t s  as
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t h e  " a v e r a g e  d e v i a t i o n  o f  e x p e r t  m e n t a l  p o i n t s  f rom i d e a l i t y  and
" a v e r a g e  d e v i a t i o n  doe t o  t J ) "  f o r  s o l u b i l i t y  m e a s u r e m e n t s  f o r  a
number o f  m i x t u r e  c o m p o s t t i o n s  f o r  e a c h  b i n a r y  h y d r o c a r b o n  p a i r  as  
opposed  t o  g i v i n g  t h e i r  e x p e r i m e n t a l  d a t a .  The p r e c i s i o n  oT 
e x p e r i m e n t a l  v a l u e s  and t h e i r  aoknowledgement  o f  t h e  d i f f i c u l t i e s  i n  
o b t a i n i n g  good a c c u r a c y  were  no t  t a k e n  i n t o  a c c o u n t  i n  t h e  a n a l y s i s  of  
t h e  d a t a .  They c o n c l u d e d : "The m i x t u r e s  e x h i b i t  a  p o s i t i v e  d e v i a t i o n  
In s o l u b i l i t y  which can be a t t r i b u t e d  p a r t l y  t o  t h e  a c t i v i t y  
c o e f f i c i e n t s  i n  t h e  h y d r o c a r b o n  p h a s e  b e i n g  s l i g h t l y  g r e a t e r  t h a n  
u n i t y ,  how ever ,  t h e r e  i s  a l s o  an a d d i t i o n a l  enhancem en t  in  t h e  
s o l u b i l i t y  due  t o  t h e  r e d u c t i o n  o f  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  
h y d r o c a r b o n  i n  t h e  a que ous  p h a s e . " ( p a g e  3 3 3 ) ,  The p r e s e n t  a u t h o r  f e e l s  
t h a t  t h i s  de I n i t e  c o n c l u s i o n  i s  n o t  w a r r a n t e d  b e c a u s e  o f  t h e  m a g n i tu d e  
or  p r o b a b l e  e x p e r i m e n t a l  e r r o r s  a s s o c i a t e d  w i t h  t h e  s o l u b i l i t y  d a t a ,  
p o s s i b l e  e r r o r s  a s s o c i a t e d  w i t h  t h e  v a l u e s  u se d  and  t h e  i m p r o p e r
s t a t i s t i c a l  a n a l y s i s  o f  t h e  d a t a .  T h e  r e s u l t s  o f  t h e i r  s t u d y  d i d ,  
however ,  g e n e r a l l y  con fo rm  t o  t h e  f o l l o w i n g  e q u a t i o n  d e s c r i b i n g  th e  
a que ous  s o l u b i l i t y  o f  component  i r e s u l t i n g  from a  b i n a r y  h y d r o c a r b o n  
m i x t u r e  c o n t a i n i n g  t h a t  component  i n  c o n t a c t  w i t h  w a t e r :
* i ( w )  " * i ( h ) ^ l ( h ) Xifw)
The a q u e o u s  s o l u b i l i t y  o f  more complex m u l t i c o m p o n e n t  h y d r o c a r b o n
m i x t u r e s  (3 o r  more c o m p o n e n t s )  was examined  by L e in o n e n  ( 1 9 7 6 ) .  O i l
p h a s e  a c t i v i t y  c o e f f i c i e n t s  were  e x p e r i m e n t a l l y  d e t e r m i n e d  by gas
c h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  v a p o r  p h a s e  o v e r  t h e  h y d r o c a r b o n
m i x t u r e .  Vapor  p h a s e  a n a l y s i s  u s i n g  a  s y r i n g e  s a m p l i n g  t e c h n i q u e  can
have  s i g n i f i c a n t  e r r o r s  a s s o c i a t e d  w i t h  i n c o m p l e t e  s a m p le  t r a n s f e r .
The o i l  p h a s e  a c t i v i t y  c o e f f i c i e n t  v a l u e s  f o r  a l k a n e  m i x t u r e s
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d e t e r m i n e d  by L e i n o n e n  (T9T6) w e r e  o f t e n  s i g n i f i c a n t l y  d i f f e r e n t  f rom 
u n i t y  [ e . g .  0 . 8 3 ,  0 . 8 5 .  1 . ? ,  4 . 1 ,  0 , 8 2 ,  1 , 4 ,  3 . 5 ,  3 - 5 ) .  T h e s e  r e s u l t s  
v o r y  a l  gn l  f l o a n t l  y  Tram t h o s e  o f  B r o n s t e d  a n d  K oe fa ed  0 9 4 6 )  a n d  B e l  nap  
and  Weber 0 9 6 1 }  who found  a l k a n e  s y s t e m  a c t i v i t y  c o e f f i c i e n t s  t o  be 
c l o s e  t o  u n i t y ,  g e n e r a l l y  w i t h i n  0 . 9 5  t o  1 . 0 5 .  When t h e  ITNIFAC g r o u p -  
c o n t r i  b u t l o n  m e th o d  f o r  e s t i m a t i n g  a c t i v i t y  c o e f f i c i e n t s  ( F r e d e n s l u n d  
e t  a l . ,  1977)  I s  u s e d  f o r  t h e a e  t y p e s  of  a l k a n e  s y s t e m s ,  t h e  a c t i v i t y  
c o e f f i c i e n t s  c a l c u l a t e d  a r e  a l s o  v e r y  c l o s e  t o  u n i t y .  H ydroc a rbon  
p h a s e  I n t e r a c t i o n s  i n  a l k a n e  s y s t e m s  a r e  e x p e c t e d  t o  be  sm a l l  d u e  t o  
t h e  s t r u c t u r a l  and  c h e m i c a l  s i m i l a r i t i e s  o f  t h e  compounds. H y d r o c a r b o n  
p h a s e  a c t i v i t y  c o e f f i c i e n t s  s u c h  a s  0 . 8 3  o r  3 . 5  f o r  m i x t u r e s  o f  a l k a n e s  
w o u l d  i n d i c a t e  a s i g n i f i c a n t  e r r o r  i n  t h e i r  d e t e r m i n a t i o n .
The b a s i c  c o n c l u s i o n s  o r  L e i n o n e n  ( 1 9 7 6 )  a g r e e  w i t h  t h o s e  o f  
L e i n o n e n  and Mackay (1973)  i n  t h a t  h y d r o c a r b o n  s o l u b i l i t y  r e s u l t i n g  
f rom  m i x t u r e s  was e n h a n c e d  by t h e  p r e s e n c e  o f  h y d r o c a r b o n  c o - s o l u t e s  
which c a u s e  a r e d u c t i o n  I n  t h e  h y d r o c a r b o n  a c t i v i t y  c o e f f i c i e n t  i n  t h e  
a q u e o u s  p h a s e .  L e i n o n e n  (1 9 7 6 )  d e v e l o p e d  ' s o l u b i l i t y  enhancem ent  
f a c t o r s ' ,  e^ , t o  h e l p  p r e d i c t  t h e  a q u e o u s  s o l u b i l i t y  o f  a g i v e n  
h y d r o c a r b o n  i r e s u l t i n g  from c o n t a c t  w i th  a  h y d r o c a r b o n  m i x t u r e .
■ lW  '  * i ( h ) x t ( » ) ' i  (3!
The enhancement  f a c t o r  used  v a r i e d  w i t h  h y d r o c a r b o n  t y p e :  1 ,4  f o r
a l k a n e s ,  1 .4  f o r  c y c l o a l k a n e s ,  2 . 2  f o r  a r o m a t i c s  and 1 , 8  f o r  o l e f i n s .
L e in o n e n  ( 1 9 7 6 )  u s e d  t h e  e n h a n c e m e n t  f a c t o r  a p p ro a c h  t o  p r e d i c t  
t h e  s o l u b i l i t i e s  o f  two  g a s o l i n e s  a n d  a c r u d e  o i l  w i t h  a maximum e r r o r  
o f  7 . 5 1 .  E r r o r s  i n  t h e  s o l u b i l i t y  p r e d i c t i o n  o f  many o f  t h e  i n d i v i d u a l  
c o m p o n e n t s  w e r e ,  h o w e v e r ,  c o n s i d e r a b l y  g r e a t e r  t h a n  7 .5 S .  L e i n o n e n
d e r i v e d  h l a  e n h a n c e m e n t  f a c t o r s  f r o m  a s e r i e s  of  m i x t u r e  s o l u b i l i t i e s .
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The m i x t u r e  c o m p o s l t l o n a  c o n t a i n i n g  a r o m a t i c  com ponen t s  g e n e r a l l y  h a d  a 
t o t a l  a r o m a t i c  mole  f r a c t i o n  o f  a p p r o x i m a t e l y  0 , 2  w i t h  t h e  r e m a i n d e r  o f  
t h e  m i x t u r e  c o m p r i s e d  o f  a l i p h a t l c 3 .  T h i s  was p r o b a b l y  c h o s e n  w i t h  t h e  
k now le dge  t h a t  c r u d e  o i l s  and  p e t r o l e u m  f u e l s  o f t e n  h a v e  a mole 
f r a c t i o n  o f  a p p r o x i m a t e l y  0 . 2  f o r  t h e  t o t a l  a r o m a t i c s  In  t h e  m i x t u r e .  
L e i n o n e n  a l s o  s t a t e s  t h a t :  " A l th o u g h  c o n c e n t r a t i o n  a f f e c t s  t h e  a c t i v i t y  
c o e f f i c i e n t s , i t  was n o t  c o n s i d e r e d  aa a p a r a m e t e r  a n d  I t  v a r i e d  f rom
0 . 5  m o le  f r a c t i o n  f o r  aome c o m p o n e n t s  t o  l e s s  t h a n  0 .01  m o le  T r a c t i o n  
Tor o t h e r s  i n  t h e  v a r i o u s  s o l u t i o n s . "  (page  3 2 } ,  C o n c e n t r a t i o n  e f T e c t a  
w ere  d e f i n i t e l y  c o n s i d e r e d  by L e i n o n e n  when s e l e c t i n g  t h e  c o m p o s i t i o n s  
o f  t h e  m i x t u r e s  s t u d i e d ,  t h u a  b i a s i n g  t h e  e n h a n c e m e n t  f a c t o r a  i n  f a v o r  
oT a h y d r o c a r b o n  m i x t u r e  h a v i n g  a c o m p o s i t i o n  r e s e m b l i n g  t h a t  o f  
p e t r o l e u m  and no t  o f  h y d r o c a r b o n  m i x t u r e s ,  i n  g e n e r a l .  The c o m p o s i t i o n  
o f  a h y d r o c a r b o n  m i x t u r e  can g r e a t l y  a f f e c t  t h e  h y d r o c a r b o n  m i x t u r e  
a c t i v i t y  c o e f f i c l e n t a ,  A m o le  f r a c t i o n  c h a n g e  f o r  a  com ponen t  f rom 0 , 5  
t o  0 .1  c o u l d  change  t h e  o i l  p h a s e  a c t i v i t y  c o e f f i c i e n t  f rom 1 . 3  t o  2 , 0 ,  
a  d i f f e r e n c e  t h a t  c o u l d  c a u s e  a 35% d i f f e r e n c e  i n  t h e  p r e d i c t e d
s o l u b i l i t y  I f  T( . . .  was u s e d  I n s t e a d  o f  e ,  .I ( h ; I
I t  i s  t h e  p r e s e n t  a u t h o r 1s  o p i n i o n  t h a t  L e i n o n e n  (1 9 7 6 )  b i a s e d  h i  a 
e x p e r i m e n t a l  d e s i g n  t o  f a v o r  h y d r o c a r b o n  m i x t u r e s  of  t h e  g e n e r a l  
component  t y p e  c o m p o s i t i o n  o f  a p e t r o l e u m  f u e l  as w e l l  as  t o  f a v o r  t h e  
s o l u b i l i t y  p r e d i c t i o n  Of t h e  more  s o l u b l e  c om ponen t s  ( i . e .  l o w e r  
m o l e c u l a r  w e igh t  a r o m a t i c s )  w h ich  m i g h t  e x p l a i n  why t h e  " e n h a n c e m e n t  
f a c t o r s "  gave  t h e  a p p e a r a n c e  o f  w o r k i n g  i n  t h e  p r e d i c t i o n  o f  t h e  
g a s o l i n e  and o i l  s o l u b i l i t i e s .  I t  I s  a l s o  t h e  p r e s e n t  a u t h o r ’ s  o p i n i o n  
t h a t  n e i t h e r  L e i n o n e n  and  Mackay ( 1 9 7 3 )  n o r  L e i n o n e n  ( 1 9 7 6 )  p r o v e d  t h a t  
t h e r e  was a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  h y d r o c a r b o n  a c t i v i t y
c o e f f i c i e n t  In t h e  a que ous  phase*  Both s o l u b i l i t y  and  o i l  p ha se  
a c t i v i t y  c o e f f i c i e n t  d e t e r m i n a t i o n s  may c o n t a i n  s i g n i f i c a n t  e r r o r s  
which  were  n o t  t a k e n  i n t o  c o n s i d e r a t i o n .
The a q u e o u s  s o l u b i l i t y  o f  m i x t u r e s  o f  s o l i d  h y d r o c a r b o n s  was 
examined  by Eganhouse  and C a l d e r  (19765 i n  an e r f o r t  t o  e l u c i d a t e  t h e  
d i s s o l u t i o n  p r o c e s s  o r  p e t r o l e u m  h y d r o c a r b o n s . M i x t u r e s  o f  s o l i d  
h y d r o c a r b o n s  were  f o u n d  t o  g e n e r a l l y  y i e l d  component  c o n c e n t r a t i o n s  i n  
w a t e r  t h a t  were  t h e  same as  t h e  p u r e  compound s o l u b i l i t y  o f  t h a t  
component .  Some o f  t h e  s o l i d  m i x t u r e s  e x a m i n e d ,  how ever ,  y i e l d e d  
component  s o l u t e  c o n c e n t r a t i o n s  c o n s i d e r a b l y  below t h e i r  p u r e  component  
s o l u b i l i t y .  Eganhouse  and  C a l d e r  s t a t e  t h a t  " i t  i s  c l e a r  t h a t  s o l u t e ^  
s o l u t e  i n t e r a c t i o n  a n d / o r  t h e  f o r m a t i o n  oT s o l i d  s o l u t i o n s  a r e  
i n f l u e n c i n g  t h e  a q u e o u s  s o l u b i l i t y  oT t h e s e  medium m o l e c u l a r  w e i g h t  
a r o m a t i c  h y d r o c a r b o n s , "  (page  5 5 6 ) .  E ga nhouse  and  C a l d e r  f a i l e d  t o  
e x a m in e  t h e  p h a s e  b e h a v i o r  o f  t h e  s o l i d  m i x t u r e s  i n  q u e s t i o n ,  which may 
have a t  l e a s t  p a r t i a l l y  e x p l a i n e d  t h e  r e d u c e d  a o l u b l 1 i t i e s , The 
r e s u l t s  of  Eganhouse  and  C a l d e r  (1 9 7 6 )  add  l i t t l e  t o  o u r  u n d e r s t a n d i n g  
of  t h e  aqueous  s o l u b i l i t y  oT a r o m a t i c  compounds p r e s e n t  I n  p e t r o l e u m  
and T u e l s ,  s i n c e  t h e s e  a r e  l i q u i d  m i x t u r e s .
Green and F rank  (1979 )  m e a s u r e d  t h e  aqueous  s o l u b i l i t i e s  o f  
s o l u t i o n s  of  be nz ene  I n  c a rb o n  t e t r a c h l o r i d e  and I n  c y c l o h e x a n e .  The 
b e n z en e  + c y c l o h e x a n e  m i x t u r e s  a r c  v e r y  s i m i l a r  t o  s e v e r a l  o f  t h e  
m i x t u r e s  examined by L e i n o n e n  and  Mackay (1973)  ( e . g *  be nz ene  + n~ 
hexane  and b e n z e n e  + 2 ~ m e t h y l p e n t a n e ) ,  Green  and  F rank  were  p r i m a r i l y  
c o n c e r n e d  w i th  d e t e r m i n i n g  i f  H e n r y ' s  Law c o e f f i c i e n t  v a l u e s  d i f f e r e d  
s i g n i f i c a n t l y  from c o n s t a n c y .  They w e r e  c o n c e r n e d  a b o u t  t h e  p o s s i b l e  
s o l u t e  d i m e r i z a t i o n  o f  be n z e n e  s u g g e s t e d  by Re id  e t  a l . ( 1 9 6 9 )  and t h e
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p o s s i b l e  ' h y d r o p h o b i c - b o n d - f o r m I  ng t e n d e n c y *  o r  b e n z e n e  I n  w a t e r  
s u g g e s t e d  by Ben-Naim e t  a l .  ( 1 9 7 3 ) .  G r e e n  a n d  F r a n k  o b s e r v e d  no 
c h a n g e  I n  t h e  H e n r y ' s  Law c o e f f i c i e n t  v a l u e s  w i t h i n  t h e  p r e c i s i o n  o r  
w a t e r  3 0 l u b l l l t y  m e a s u r e m e n t s ,  t h u s  t h e y  d i d  n o t  d e t e c t  e f f e c t s  due  t o  
p o s s i b l e  s o l u t e  d l m e r i z a t l o n .  The c o n c l u s i o n  o f  Green  and F r a n k ' s  work  
i n  c o n t r a s t  t o  t h a t  o f  L e i n o n e n  a n d  Mackay ( 1 9 7 3 )  was t h a t  t h e  
h y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f f i c i e n t s  e x p l a i n e d  e s s e n t i a l l y  a l l  o f  
t h e  enhanced  s o l u b i l i t y  beyond  i d e a l  s o l u b i l i t y  ( I . e .  eq .  ? w i t h  
a s su m e d  to  be u n i t y )  and  t h e r e  w a s  no s i g n i f i c a n t  r e d u c t i o n  I n  t h e  
h y d r o c a r b o n  a c t i v i t y  c o e f f i c i e n t  I n  t h e  a q u e o u s  p h a s e .
Tewar i  e t  a l . (19&2) e x a m i n e d  t h e  a q u e o u s  s o l u b i l i t y  oT s a n e  
b i n a r y  l i q u i d  m i x t u r e s  o f  o r g a n i c  com pounds .  They  s t a t e  t h a t  s i n g l e  
component  s y s t e m s  have  been  e x a m i n e d  i n  d e t a i l  b u t  Ms l m i l a r  
I n v e s t i g a t i o n s  have  n o t  been  c o n d u c t e d  on m u l t i c o m p o n e n t  o r g a n i c  
s y s t e m s  d e s p i t e  t h e i r  t h e rm o  dynaml e i n t e r e s t  a n d  e n v i r o n m e n t a l  
s i g n i f i c a n c e , 11 ( p a g e  ^3 6 }. A s a t i s f a c t o r y  r e v i e w  o f  t h e  l i t e r a t u r e  was 
c l e a r l y  not u n d e r t a k e n  s i n c e  L e i n o n e n  a n d  Mackay ( 1 9 7 3 ) ,  L e i n o n e n  
(1 9 7 6 )  and  G re e n  and F r a n k  ( 1 9 7 9 )  a l l  i n v e s t i g a t e d  t h e  a q u e o u s  
s o l u b i l i t y  o r  l i q u i d  m u l t i c o m p o n e n t  o r g a n i c  s y s t o n s .  T e v a r i  e t  a l .  
( 1 9 0 2 )  c h o s e  t o  u s e  volume f r a c t i o n s  I n s t e a d  o f  m o le  f r a c t i o n s  i n  
e q u a t i o n  ( 2 ) .  Volume f r a c t i o n s  a r e  more d i f f i c u l t  t o  use  s i n c e  e x c e s s  
v o lum e s  o f  m i x i n g  may h a v e  t o  b e  t a k e n  i n t o  a c c o u n t  f o r  some m i x t u r e s  
a n d  s u c h  d a t a  a r e  d i f f i c u l t  t o  o b t a i n .  T h e  r e s u l t s  o f  T e w a r i  e t  a l .  
( 1 9 0 ? )  b a s i c a l l y  a g r e e  w i t h  t h o s e  o f  Green  a n d  F r a n k  ( 1979 ) i n  t h a t  t h e  
e n h a n c e d  s o l u b i l i t y  a b o v e  t h e  i d e a l  s o l u b i l i t y  c a n  be a c c o u n t e d  f o r  by 
t h e  o r g a n i c  a c t i v i t y  c o e f f i c i e n t  i n  t h e  o r g a n i c  p h a s e .
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The s o l u b i l i t y  o f  o r g a n i c  m l x t u r e s  { l i q u i d ,  s o l i d  o r  mixed} was 
examined  by B a n e r j e e  (19(34) ♦ The  UNIFAC g r o u p - o o n t r i b u t t o n  m ethod  was 
u s e d  t o  p r e d i c t  o r g a n i c  p h a s e  a c t i v i t y  c o e f f i c i e n t s .  E q u a t i o n  ( 2 )  was 
f o u n d  t o  a d e q u a t e l y  p r e d i c t  s o l u t e  c o n c e n t r a t i o n s  r e s u l t i n g  f rom l i q u i d  
m i x t u r e s ,  Component  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  a q u e o u s  p h a s e  w e r e  
n o t  o b s e r v e d  t o  be a f f e c t e d  by t h e  p r e s e n c e  o f  c o s o l u t e s  ( i . e .  no 
r e d u c t i o n  i n  t h e  a q u e o u s  p h a s e  a c t i v i t y  c o e f f i c i e n t  was d e t e c t e d ) .  The 
use  o f  UMIFAC, h o w e v e r ,  i s  a d e q u a t e  o n l y  a s  a f i r s t  a p p r o x i m a t i o n .  
UNIFAC c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  may a g r e e  v e r y  w e l l  w i t h  
e x p e r i m e n t a l l y  d e t e r m i n e d  a c t i v i t y  c o e f f i c i e n t s  i n  some m i x t u r e s  b u t  
n o t  s o  w e l l  i n  o t h e r s .  The  work o f  B a n e r j e e  f 1 984> i s  n o t  a r i g o r o u s  
t h e rm odynam ic  i n v e s t i g a t i o n  o f  t h e  a q u e o u s  s o l u b i l i t y  o f  l i q u i d  o r g a n i c  
m ix t  u r e s .
L a rg e  b l o m o l e c u l e s  have s p e c i f i c  c o n f i g u r a t i o n ( s ) i n  a q u e o u s  
m e d i a .  C e r t a i n  o o n f l g u r a t i o r u  a r e  r e q u i r e d  f o r  t h e  a p p r o p r i a t e  
b i o c h e m i c a l  p r o c e s s e s  t o  o c c u r .  The a c t i v e  c o n f i g u r a t i o n  can  be l o s t  
and th e  b i o c h e m i c a l  p r o c e s s e s  h a l t e d  i f  t h e  s o l v e n t  ( w a t e r )  i s  a l t e r e d  
by t h e  a d d i t i o n  o f  a l c o h o l .  The i m p o r t a n c e  o f  t h e  s o l v e n t  w a t e r  i n  
b i o c h e m i c a l  p r o c e s s e s  s u c h  as  e n z y m a t i c  r e a c t i o n s  a n d  membrane 
f o r m a t i o n  i s  e v i d e n t .  The phenomenon c o n c e r n i n g  t h e  r o l e  o r  w a t e r  i n  
t h e s e  p r o c e s s e s  have  b e e n  t e r m e d  ' h y d r o p h o b i c  i n t e r a c t i o n s 7 ( s e e  
T a n f o r d ,  19B0: and Ben^Naim, 19(30), H y d r o p h o b i c  i n t e r a c t i o n s  a r e  n o t  
w e l l  u n d e r s t o o d  and have  been  t h e  s u b j e c t  o f  much r e s e a r c h  and  
s p e c u l a t i o n  o v e r  t h e  p a s t  15 y e a r s .  The t e r ra  7h y d r o p h o b i c  
i n t e r a c t i o n s '  h a s  b e e n  l o o s e l y  u s e d  t o  i n c l u d e  t h e  s o l u b i l i t y  
p r o p e r t i e s  o f  h y d r o p h o b i c  m o l e c u l e s  In  w a t e r  and  a o l  u t e ~ s c l u t e  
i n t e r a c t i o n s  o f  a p o l a r  s p e c i e s  I n  w a t e r .  T h e  l a t t e r  may be more
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c o r r e c t l y  t h o u g h t  o f  a s  " s o l v e n t - I n d u c e d  I n t e r a c t i o n s  be tw een  a p o l a r
s p e c i e s  i n  w a t e r "  ( P r a t t  and  C h a n d l e r ,  1980;  page 2 ) .  I t  i s  f e l t  t h a t
two a p o l a r  m o l e c u l e s  o r  p a r t s  o f  a l a r g e  b i o m o l e c u l e  w h ic h  a r e
s u f f i c i e n t l y  c l o s e  t o  e a c h  o t h e r  In  a q u e o u s  s o l u t i o n  can be  f o r c e d  t o
p r o x i m i t y  o r  c o n t a c t  by t h e  w a t e r  m o l e c u l e s  t h r o u g h  c h a n g in g  s t r u c t u r e
I n  v i c i n i t y  oT t h e  a p o l a r  s p e c i e s .  T h i s  m in im iz es  t h e  amount  o f
s t r u c t u r e d  w a t e r  r e q u i r e d  i n  t h e  h y d r a t i o n  s p h e r e s ,  a n  e n t r o p i c a l l y
f a v o r a b l e  o c c u r r e n c e .  I t  m us t  be s t r e s s e d  t h a t  t h e s e  e f f e c t s  of
c h a n g in g  w a t e r  s t r u c t u r e  a r e  t h e o r e t i c a l  and  t h e i r  e x i s t e n c e  i s  u nde r
d e b a t e .  The o n l y  e x p e r i m e n t a l  e v i d e n c e  p o s s i b l y  d e t e c t i n g  s o l v e n t -
in d u ce d  a p o l a r  s o l u t e  I n t e r a c t i o n s ,  t o  my know ledge ,  i s  t h a t  o f  T u c k e r
e t  a l . [198M  who made p r e c i s e  d e t e r m i n a t i o n s  o f  H e n r y ’ s  Law
c o e f f i c i e n t  v a l u e s  (KM f o r  b e nz ene  a t  d i f f e r e n t  c o n c e n t r a t i o n s  andrl
o b s e rv e d  a  d e c r e a s e  i n  a s  t h e  a que ous  p h a s e  c o n c e n t r a t i o n  I n c r e a s e d ,
The  d e c r e a s e  I n  Ku was i n t e r p r e t e d  a s  t h e  r e s u l t  o f  t h e  f o r m a t i o n  o f  h
’ d i m e r s ’ o f  b e n z e n e  ( i . e ,  s o l v e n t - i n d u c e d  s o l u t e  i n t e r a c t i o n s ) .  I f  
t h i s  i n t e r p r e t a t i o n  l a  c o r r e c t ,  a p p r o x i m a t e l y  3“ Ji !  o f  t h e  be nz ene  I n  
s o l u t i o n  a t  s a t u r a t i o n  i s  i n  ’ d i m e r s ’ . T h i s  o b s e r v a t i o n  i s  i m p o r t a n t  
b e c a u s e  i t  g i v e s  a  p o s s i b l e  I n d i c a t i o n  o f  t h e  m a g n i t u d e  o f  e f f e c t  
s u p p o s e d l y  c a u s e d  by t h e  s o l v e n t - i n d u c e d  s o l u t e  i n t e r a c t i o n s  form o f  
h y d r o p h o b ic  i n t e r a c t i o n s  f o r  h y d r o c a r b o n s  In w a t e r .  T h i s  t y p e  o f  
h y d r o p h o b ic  i n t e r a c t i o n  I s  a  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  a p p a r e n t  
r e d u c t i o n  i n  a q u e o u s  p h a s e  a c t i v i t y  c o e f f i c i e n t s  o b s e r v e d  by L e in o n e n  
and Mackay (1973 )  and  L e in o n e n  {1 9 7 6 K  The p o s s i b l e  m a g n i t u d e  o f  t h e  
e f f e c t  o f  such  i n t e r a c t i o n s  f o r  b e n z e n e  [Tucker  e t  a l . ,  1981)  
i n d i c a t e s ,  however* t h a t  a r e d u c t i o n  in  a que ous  p h a s e  a c t i v i t y
1 'J
c o e f f i c i e n t s  f o r  a h y d r o c a r b o n  m i x t u r e  w o u l d  n o t  be  d e t e c t a b l e  w i t h i n  
t h e  p r e c i s i o n  o f  w a t e r  s o l u b i l i t y  d e t e r m i n a t i o n s .
I t  s h o u l d  be n o t e d  t h a t  t h e r e  i s  a  l a c k  o f  c o n s i s t e n c y  I n  t h e  u s e  
o r  t h e  t e r m  ’ h y d r o p h o b i c  i n t e r a c t i o n s '  i n  t h e  l i t e r a t u r e .  11 may be 
a d v i s a b l e  n o t  t o  u3e  t h e  t e r m  ' h y d r o p h o b i c  I n t e r a c t i o n s '  b u t  r a t h e r  
’a q u e o u s  p h a s e  e o l u t e - s o l  u t e  i n t e r a c t i o n s ’ when d i s c u s s i n g  s o l v e n t -  
i n d u c e d  h y d ro p h o b l  c i i n t e r a c t i o n s .
E l e c t r o l y t e  s o l u t i o n s  a r e  known t o  ’ s a l t  o u t ’ n o n - e l  e c t r o l y t e  
s o l u t e s  r e s u l t i n g  i n  e q u i l i b r i u m  c o n c e n t r a t i o n s  f o r  t h e  non- e l e c t r o l y t e  
s o l u t e s  l o w e r  t h a n  t h o s e  f o u n d  i r i  d i s t i l l e d  w a t e r  ( e . g . .  Cordon and 
T h o r n e ,  1967 :  S u t t o n  and  C a l d e r ,  1 9 7 5 :  E g a n h o u e e  and C a l d e r ,  1976; 
W h i t e h o u e e ,  1 9 8 k ) ,  W h l t e h o u s e  (1 9 8 k )  a l s o  o b s e r v e d  ’ s a l t i n g  i n '  f o r  
1 , 2 - b e n z a n t h r a c e n e  be low 2 5 ° C .  The e f f e c t  o f  d i s s o l v e d  s a l t s  on t h e  
a q u e o u s  s o l u b i l i t y  o f  l i q u i d  h y d r o c a r b o n  m i x t u r e s  h a s  n o t ,  aa  y e t ,  b e e n  
r e p o r t e d .
The  ’ s o l u b i l i z a t i o n '  o r  ’ a c c o m m o d a t i o n ’ o f  h y d r o c a r b o n s  by t h e  
d i s s o l v e d  o r g a n i c  m a t e r i a l  (DOM) i n  s e a w a t e r  was e x a m i n e d  by Boehm a n d  
Q u i n n  ( 1 9 7 3 ) .  who d e f i n e d  s o l u b i l i z e d  m a t e r i a l  a s  t h a t  which  p a s s e s  
t h r o u g h  a 0 . 5  pm f i l t e r  a n d  i s  n o t  n e c e s s a r i l y  i n  t r u e  s o l u t i o n .  The 
Boehm and  Quinn  s t u d y  was p r i m a r i l y  k i n e t i c  I n  n a t u r e .  The r e s u l t s  
i n d i c a t e d  t h a t  a l i p h a t i c  h y d r o c a r b o n s  w e r e  s o l u b i l i z e d  more when DOM 
w a s  p r e s e n t  t h a n  when t h e  DOM wa3 r e m o v e d  f rom  t h e  s e a w a t e r  used i n  t h e  
e x p e r i m e n t s .  A r o tn a t i c s  a p p e a r e d  t o  be  u n a f f e c t e d  by t h e  DOM. I t  i s  
d i f f i c u l t  t o  d e t e r m i n e  t h e  m e a n i n g  a n d  s i g n i f i c a n c e  o f  t h e  work o f  
Boehm and  Quinn  3 i n c e  t h e  r e s u l t s  w e r e  h i g h l y  d e p e n d e n t  upon t h e  
p a r t i c u l a r  e x p e r i m e n t a l  d e s i g n  u s e d  a n d  n e i t h e r  s t e a d y  s t a t e  nor  
e q u l  l i b r i  un c o n d i t i o n s  e x i s t e d .
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Hash lmoto  e t  a l , ( 198k)  e xa m ined  t h e  s o l u b i l i t y  of  v a r i o u s  
a r o m a t i c  h y d r o c a r b o n s  i n  s e a w a t e r  and a r t i f i c i a l  s e a w a t e r ,  and  
c o n c l u d e d  t h a t  t h e  DOM i n  s e a w a t e r  had  a n  i n s i g n i f i c a n t  e f f e c t  on  t h e  
s o l u b i l i t y  of  t h e  e x p o u n d s  t e s t e d .
Using a dynamic  c o u p l e d  column l i q u i d  c h r o m a t o g r a p h i c  t e c h n i q u e ,  
W hi t e h o u 3 e ( 1 9 8 5 )  e x a m i n e d  t h e  e f f e c t s  o f  DOM o n  t h e  a q u e o u s  
' p a r t i t i o n i n g *  of  p o l y n u o l c c r  a r o m a t i c  h y d r o c a r b o n s  (PAH). In  m o s t  
c a s e s  aqueous  p a r t i t i o n i n g  was a i m p l y  t h e  compound’ s  a q u e o u s  s o l u b i L i t y  
b e c a u s e  t h e  s o l u t e  c o n c e n t r a t i o n  w i t h  DOM was u s u a l l y  t h e  sa m e  a s  
w i t h o u t .  T h e  main c a s e s  i n  wh ich  DOM I n c r e a s e d  t h e  amount  o f  PAH 
s o l u b i l i z e d  were  t h o s e  i n  which  f a i r l y  h i g h  c o n c e n t r a t i o n s  o f  DOM o f  
t e r r e s t r i a l  o r i g i n  was  u3 e d  w i t h  v e r y  low  s o l u b i l i t y  PA H's ,  The  
e x p e r i m e n t a l  d e s i g n  o f  W h i t e h o u s e  (1985)  h a s  d e f i n i t e  a d v a n t a g e s  o v e r  
t h a t  o f  Boehm and Quinn  ( 1 9 7 3 )  s i n c e  s t e a d y  s t a t e ,  I f  n o t  e q u i l i b r i u m ,  
c o n d i t i o n s  e x i s t e d .
The c o m p o s i t i o n  o f  a r e s e r v o i r e d  p e t r o l e u m  may c h a n g e  due  t o  w a t e r  
w a s h i n g  w h ic h  rem oves  t h e  more  s o l u b l e  c o m p o n e n t s  of t h e  o i l  ( B a i l e y  e t  
a l , ,  1973 ) .  W a te r  w a s h i n g  i n  c o m b i n a t i o n  w i t h  o t h e r  p r o c e s s e s  s u c h  as  
i n o r g a n i c  o x i d a t i o n  and  b l o d e g r a d a t l o n  may s i g n i f i c a n t l y  a l t e r  
r e s e r v o i r e d  o i l s  i n  m a t u r e  b a s i n s  s o  t h a t  t h e  i n f l u e n c e  o r  t h e  o r i g i n a l  
s o u r c e  I s  o b s c u r e d .  W a t e r  w a s h i n g  may o c c u r  c o n c u r r e n t l y  w i t h  
p e t r o l e u m  m i g r a t i o n .  The p r o b l e m s  a s s o c i a t e d  w i t h  c u r r e n t  
u n d e r a t a n d i  n g , c o n j e c t u r e s  and  b e l i e f s  r e g a r d i n g  t h e  p r o c e s s  ( e a )  o f  
p e t r o l e u m  m i g r a t i o n  a r e  o u t l i n e d  by R o b e r t s  and  C o r d e l l  ( 1 9 8 0 ) .  The 
o n e  p o i n t  t h a t  most  a u t h o r s  on  t h e  s u b j e c t  o f  p e t r o l e u m  m i g r a t i o n  a g r e e  
upon i s  t h a t  m i g r a t i o n  must  have  o c c u r r e d  ( i . e .  t h e  h y d r o c a r b o n s  f o u n d  
i n  a r e s e r v o i r  r o c k  d i d  n o t  o r i g i n a t e  t h e r e ) .  Beyond t h i s  common
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a g r e e m e n t ,  however ,  H e  numerous  a r e a s  I n v o l v i n g  s u b s t a n t i a l  
d i f f e r e n c e s  o f  o p i n i o n .  As t o  t h e  r o l e  o f  w a t e r :  " T h e re  a r e  t h o s e  who 
t h i n k  t h a t  w a t e r  has  v e r y  l i t t l e  t o  do  w i t h  t h e  t r a n s f e r  o f  o r g a n i c  
m a t e r i a l  f rom s o u r c e  t o  t r a p ,  and  t h e r e  a r e  t h o s e  who t h i n k  t h a t  w a t e r  
i s  a lm o s t  t o t a l l y  r e s p o n s i b l e  f o r  t h e  t r a n s f e r . 11 ( R o b e r t s  and  C o r d e l l ,  
19BQ; page  v i i ) .  The ’ p r o b le m ’ o f  p e t r o l e u m  m i g r a t i o n  i s  p o o r l y  
f o r m u l a t e d  and  u n s o l v e d ,  b u t  i t  a p p e a r s  t h a t  an  improved  u n d e r s t a n d i n g  
o f  t h e  a que ous  s o l u t i o n  b e h a v i o r  oT l i q u i d  h y d r o c a r b o n  m i x t u r e s  may be 
h e l p f u l „
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THERMODYNAMIC INVESTIGATIONS
1. Thermodynamic P r i n c i p l e s
A thermodynamlc s y s t e m  o f  a h y d r o c a r b o n  In  i t s  p u r e  s t a t e  i n  
c o n t a c t  w i th  water  y i e l d s  t h e  f o l l o w i n g  e q u a t i o n s  f o r  chemical  
p o t e n t i a l  1m):
' m i  '  * !  * RTln ’ m i ' m i
h ( « )  ’  " I  * RT1" Vl ( « ) * l [ w )  ( 5 )
, w he re  Y and k a r e  t h e  a c t i v i t y  c o e f f i c i e n t  and m o le  f r a c t i o n ,  
r e s p e c t i v e l y .  The s u p e r s c r i p t s  o and * d e n o t e  a s i n g l e  hydrocarbon  i n  
t h e  h y d r o c a r b o n  phase and th e  s t a n d a r d  s t a t e  f o r  t h e  pu re  h y d ro c a rb o n ,  
r e s p e c t i v e l y .  S u b s c r i p t s  1, ( h )  and (w) d e n o t e  t h e  I t h  component, 
h y d r o c a r b o n  phase and  aqueous  p h a s e ,  r e s p e c t i v e l y .
E q u i l i b r a t i o n  i s  a c h i e v e d  when p? , u . ■ m? ,  t h u s :I t  n ) p H  }
Y°
o o 1( h }
i ’  511 f k \  * — *° Jl ( w )  l f h )  o
1 ( w)
A thermodynamic ay  s tem o f  a m u l t i c o m p o n e n t  h y d r o c a r b o n  m ix t u r e  i n  
c o n t a c t  w i th  w a te r  y i e l d s  t h e  f o l l o w i n g  e q u a t i o n s  f o r  chemical 
p o t e n t i a l t
“ U h J  '  ^  + RTin Vi f h > 1<l ( h )  (7 )
^ i t w )  '  y l + RTin Yl ( w ) Kifw) {3)
E q u i l i b r i u m  i s  a c h i e v e d  when iLj ^ j  “ ^ H w ) 1 ^hus :
-  ,  ^  (9)
K w )  H h ) Y i ( w)
D i v i d i n g  e q . ( 9 )  by e q . ( 6 ) r we o b t a i n :
. xi t nj l u h l-Z l t a i ,9  t10 ,
i (w) o o Kw)
1 ( h )  1 ( h )  i ( w}
T h i s  i s  t h e  b a s i c  e q u a t i o n  f o r  e q u i l i b r i u m  d i s s o l u t i o n  o r
h y d r o c a r b o n s  i n  w a t e r .  A ssum in g  a n e g l i g i b l e  amount  of  w a t e r  i a
p r e s e n t  In t h e  h y d r o c a r b o n  p h a s e  ( e . g . ,  0 . 0 0 0 0 6  m o le  f r a c t i o n  H^O i n
n - o e t a n e  a t  20°C ,  E n g l l n  e t  a l , ,  1965) ,  b o t h  x ° , , .  and Y° a r e  u n i t y .l i h j  l i n )
T h i s  i s  g e n e r a l l y  b e l i e v e d  t o  be v a l i d ,  b u t  a  s i g n i f i c a n t  am o u n t  o f  
w a t e r  may be p r e s e n t  i n  t h e  h y d r o c a r b o n  p h a s e  a t  h i g h e r  t e m p e r a t u r e a .
I f  t h e  a q u e o u s  s o l u h i l t t y  o f  h y d r o c a r b o n  i i s  n o t  s i g n i f i c a n t l y  
a f f e c t e d  by t h e  p r e s e n c e  o f  o t h e r  h y d r o c a r b o n s  i n  t h e  a q u e o u s  p h a s e  
( i . e .  v i a  h y d r o p h o b i c  i n t e r a c t i o n s  o r  some o t h e r  p h e n o m e n a ) ,  t h e n
e q u a l s  Y , . and  e q . M O )  r e d u c e s  t o  e q . ( 2 ) :Mwj
xi fwj ’ . x i ( h )  Yl ( h )  * i (w >  (2)
D e pe nd ing  upon t h e  p a r t i c u l a r  h y d r o c a r b o n s  i n  t h e  m u l t i c o m p o n e n t
m i x t u r e ,  t h e r e  may be s i g n i f i c a n t  i n t e r a c t i o n  i n  t h e  h y d r o c a r b o n  p h a s e .
The d e f i n i t i o n  o f  i d e a l  s o l u t i o n  b e h a v i o r  f o l l o w s  i f  t h e r e  a r e  no
i n t e r a c t i o n s  i n  t h e  h y d r o c a r b o n  p h a s e ,
x l fw )  "  * i ( h ]  x i ( u )  M1 5
The q u e s t i o n  c e n t r a l  t o  t h i s  s t u d y  i s  w h e t h e r  o r  not  t h e  p r e s e n c e
o f  o t h e r  h y d r o c a r b o n s  In  t h e  a q u e o u s  p h a s e  c a n  s i g n i f i c a n t l y  a f f e c t  t h o
s o l u b i l i t y  o f  a g i v e n  h y d r o c a r b o n  1 ( i . e .  Does e s s e n t i a l l y  e q u a l
T i ( w ) 7 '1, The mo3t d i r e c t  a p p r o a c h  t o  t h i s  q u e s t i o n  i s  t o  d e t e r m i n e
Yl ( h )  v a l u e 3  by a method i n d e p e n d e n t  o f  s o l u b i l i t y  m e a s u r o m e n t a .
C o m p a r i s o n  o f  i n d e p e n d e n t l y  d e t e r m i n e d  y , , .  , v a l u e s  w i t h  Y. , v a l u e s1 ( n ) 1 ( h )
c a l c u l a t e d  u s i n g  s o l u b i l i t y  m e a s u r e m e n t s  a n d  eq., ( 3 )  can d e t e r m i n e  i f
y , , , i a  n o t  s i g n i f i c a n t l y  d i f f e r e n t  Trcm y °  x i f  t h e  T . , .  . v a l u e s  1 (w) i ( w l  1 \ n )
d e t e r m i n e d  by t h e  two m ethods  do n o t  d i f f e r  s i g n i f i c a n t l y .
Component  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  h y d r o c a r b o n  m i x t u r e  
h y d r o c a r b o n  p h a s e  can be d e t e r m i n e d  by e x a m i n i n g  t h e  v a po r  p h a s e  ab o v e
1R
t h e  m i x t u r e  f o r  d e v i a t i o n s  f rom  R a o u l t ' s  l aw .  R a o u l t ' s  law assum es  
i d e a l  b e h a v i o r  i n  t h e  l i q u i d  o r  o r g a n i c  p h a s e .
Pl -  * 1 (]1,P° ( U )
, where  p^ i s  t h e  p a r t i a l  p r e s s u r e  o f  component, i and p °  i a  t h e  pu re
component i v a p o r  p r e s s u r e .  I f  s i g n i f i c a n t  component  i n t e r a c t i o n s
e x i s t  I n  t h e  l i q u i d  h y d r o c a r b o n  p h a s e ,  T , - .  , can be c a l c u l a t e d  from the
1 1 n |
d e v i a t i o n  from R a o u l t ' s  l aw ,
p i " ^ 1 ( h ) Kl ( h ) p°  <13)
V a p o r - I i q u i d  e q u i l i b r i a  d a t a  c a r  be u se d  t o  e x p e r i m e n t a l l y
d e t e r m i n e  valLte3, P a r t i a l  vapor  p r e s s u r e  m ea su rem e n ts  a r e
g e n e r a l l y  v e r y  d i f f i c u l t  t o  d e t e r m i n e  w i t h  a c c u r a c y .  T o t a l  vapor
p r e s s u r e  m ea su rem e n ts  c a n ,  h o w e ve r ,  g e n e r a l l y  be d e t e r m i n e d  w i t h
c o n s i d e r a b l e  a c c u r a c y  i f  a t  l e a s t  one  o f  t h e  component s  i s  s u f f i c i e n t l y
v o l a t i l e .  The t o t a l  v a p o r  p r e s s u r e  (P)  i s  t h e  sum o f  t h e  p a r t i a l  vapor
p r e s s u r e s .  For  a b i n a r y  m i x t u r e  o f  A and  B:
p -  V ap £ + V bp b n J °
V a r i o u s  e m p i r i c a l  e q u a t i o n s  e x i s t  which  can be u se d  t o  d e s c r i b e  t h e  
a c t i v i t y  c o e f f i c i e n t s  a s  a  f u n c t i o n  o r  c o m p o s i t i o n  ( e . g .  van h a a r  
e q u a t i o n s ,  Margu lea  e q u a t i o n s ,  R e d l i c h _K l s t e r  e q u a t i o n s ,  Wohl 
e q u a t i o n s ) .  The e m p i r i c a l  e q u a t i o n  u s e d  m us t  be c o n s i s t e n t  w i t h  t h e  
□ibbs^Duhem e q u a t i o n :
r  x j d p 1 -  o 1T p (15)
The c he m ica l  p o t e n t i a l s  a r e  r e l a t e d  t o  a c t i v i t y  o o e r r i c i e n t s ,  t h u a  
t h e  Gibbs-Duhem e q u a t i o n  c a n  be w r i t t e n  f o r  a  b i n a r y  m i x t u r e  o f  A and B 
a a :
xAdin-rA ♦ xBd l n t B -  D ( t&)
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At low p r e s s u r e s ,  t h e  p r e s s u r e  d e p e n d e n c e  of  the a c t i v i t y  c o e f f i c i e n t s  
c a n  be n e g l e c t e d .  The f o l l o w i n g  g e n e r a l  e x p r e s s i o n  I s  a form o f  t h e  
□ibbs-Duhem e q u a t io n  r e l a t i n g  a p a r t i a l  mola r  q u a n t i t y  (q j )  t o  t h e
t o t a l  m o la r  q u a n t i t y  (Q):
' - W U l  ( 1 7 )
T, P
E xc e ss  thermodynamic  f u n c t i o n s  o f  m ix in g  can be c a l c u l a t e d  f ro m
E
t h e  a c t i v i t y  c o e f f i c i e n t s .  The m o la r  e x c e s s  f r e e  e n e r g y  of m ix ing  (□ ) 
can  be c a l c u l a t e d  from:
(F -  E XjRTlnV  ^ ( 1 3 )
g
□ f o r  a b i n a r y  sys tem a s  a f u n c t i o n  o f  c o m p o s i t i o n  c a n  be r e p r e s e n t e d
by t h e  i n f i n i t e  s e r i e s :
CE - Xg(B1 ♦ C ( X A " X&} + +  >
E x p r e s s i o n s  c o n s i s t e n t  with t h e  Gibbs-Duhem e q u a t i o n  r e l a t i n g
E
a c t i v i t y  c o e f f i c i e n t s  f o r  a b ina ry  s y s t e m  t o  G a r e i
"Tln1f« ■ °E * > 0 ^  ] T,P ( j 0 )
and
UTlnT,  -  /■ ~ ] T, p ( S I )
Combining e q u a t i o n s  (1 9 )  w i t h  e q u a t i o n s  (20 )  and (21 ) y i e l d s  t h e
R e d l i c h - K i a t e r  e q u a t i o n s  ( R e d l l c h  e t  a l .  , 1952) f o r  b i n a r y  m ix t u r e
a c t i v i t y  c o e f f i c l e n t a :
In  m o s t  c a s e s ,  t h e  e x p a n s i o n  c a n  tie t r u n c a t e d  a t  t h r e e  t e r m s  and
rem a in  s u f f i c i e n t l y  a c c u r a t e .  T h e  p r o b le m  t h e n  becomes One o f
d e t e r m i n i n g  t h e  c o e f f i c i e n t s  B, C and  D, A commonly u s e d  m e t h o d  o f
d e t e r m i n i n g  t h e  R e d l i c h - K l s t e r  c o e f f i c i e n t s  f r o m  t o t a l  v a p o r  p r e s s u r e
m e a s u r e m e n t s  l a  t h a t  o f  B a r k e r  ( 1 9 5 3 } ( K l n g , T969, p a g e s  3 i*6-3k9 ,  g i v e s
a d e s c r i p t i o n  oT t h i s  m ethod  f o r  t h e  R e d l l  c h - K i s t e r  e q u a t i o n s ) .  The
method d e t e r m i n e s  v a l u e s  o f  B, C a n d  D suc h  t o  m i n i m i z e  t h e  r o o t  mean
j q u c r e  d e v i a t i o n s  b e tw e e n  t h e  o b s e r v e d  and  c a l c u l a t e d  v a p o r  p r e s s u r e s
by u se  o f  t h e  m ethod  oT l e a s t  s q u a r e s .
The s t a n d a r d  3 t a t e  f r e e  e n e r g y  change  (AG° ) f o r  t h e  s o l u t i o n1 ts
p r o c e s s  c a n  be  e x p r e s s e d  a s t
< , s  '  - RTi™ H w >  <=3>
The s t a n d a r d  s t a t e  e n t h a l p y  c h a n g e  f o r  t h e  s o l u t i o n  p r o c e s s  can be
c a l c u l a t e d  u s i n g  t h e  G i b b s - H e l m h o l t a  e q u a t i o n ,
3 K V T>] . M . j i w
3  T J ?  \  /
The s t a n d a r d  s t a t e  e n t r o p y  c h a n g e  f o r  t h e  s o l u t i o n  p r o c e s s  c a n  t h e n  be 
c a l c u l a t e d  u s i n g :
AG° - & -  TflS, °  (25 )1 , 3  1 ,3  1 ,3
g. Vapor P r e s s u r e  E x p e r i m e n t s
a .  M a t e r i a l s  and  Methods
The d e s i g n  o r  t h e  v a po r  p r e s s u r e  a p p a r a t u s  u s e d  I n  t h e  2 0 . 0 ° c  
e x p e r i m e n t s  I s  shown I n  F i g u r e  T. The h y d r o c a r b o n  m i x t u r e s  o r  p u r e  
components  were  a d d e d  t o  t h e  v e s s e l  by d i s c o n n e c t i n g  t h e  C a j o n  f i t t i n g  
a t  t h e  t o p  o f  t h e  v e s s e l .  The w a t e r  b a t h  was t e m p e r a t u r e  c o n t r o l l e d  t o
20 .0 0  t  0 ,G 3 °C .  W ate r  t e m p e r a t u r e  was m o n i t o r e d  u s i n g  a P a r r
AG
F i g u r e  1 . S c h e m a t ic  o f  v a p o r  p r e s s u r e  a p p a r a t u s  u s e d  in  2Q°C e x p e r ­
i m e n t s .  AG -  a b s o l u t e  gauge ;  M -  m a g n e t i c  s t i r r e r ;  P -  
pump.
I n s t r u m e n t  Co. m ercu ry  t h e r m o m e te r  [19 -  25°C w i t h  0 . 0 1 °C d i v i s i o n s ) .  
The mercury the rm om e te r  was c a l i b r a t e d  a g a i n s t  a p la t in um  r e s i s t a n c e  
thermometer  d e s c r i b e d  below. The  vacuum t r a p  was p l a c e d  i n  l i q u i d  
n i t r o g e n  t o  p r e v e n t  pump o i l  contain i n a t i o n .  The vacuum s t o p c o c k s  were  
opened t o  a l l o w  f o r  pump-down and  d e g a s s i n g .  A pump-down t im e  or  6 
m inutes  was d e t e r m i n e d  t o  be a d e q u a t e ,  e x c e p t  Tor  pure 
1- m e t h y l n a p b t h a l e n e  and pu re  t e t r a i i n ,  w h ich  r e q u i r e d  more t im e .  Two 
of the  t h r e e  s t o p c o c k s  were t h e n  c l o s e d  t o  a l l o w  th e  s y s t e m  from t h e  
v e s s e l  t o  t h e  p r e s s u r e  gauge t o  be Open. The / a p o r  p r e s s u r e  was 
de te rm in e d  wi th  a O a t a m e t r i o s  B a r o c e l  Type 600A (0.01 -  10 0 ,0  t o r r  
r a n g e )  p r e s s u r e  s e n s o r  c o u p l e d  w i t h  a D a t a m e t r l e s  Type 1500 p r e s s u r e  
r e a d o u t  u n i t .  T h i s  u n i t  was new and c a l i b r a t e d  by D a t a m e t r i c s ,
M ix tu re  c o m p o s i t i o n s  Changed as  a r e s u l t  o f  the  pump-down p r o c e s s .  
Samples  were removed i m m e d i a t e l y  f o l l o w i n g  v a p o r  p r e s s u r e  measurement  
and m ix tu re  c o m p o s i t i o n s  were d e t e r m i n e d  by r e T r a c t o m e t r y  u s i n g  a 
Bausch and  Lomb R e f r a c t  one t e r  (Abbe 3 -L ) .  R e f r a c t i v e  i n d ex  
c a l i b r a t i o n s  f o r  t h e  b i n a r y  m i x t u r e s  e xa m ined  a r e  given i n  T a b l e  I ,
The h i g h e r  p u r i t y  m e t h y l e y c l o h e x a n e  and  e t h y l b e n a e n e  were u s e d  i n  t h e  
vapor  p r e s s u r e  e x p e r i m e n t s ,  a s  w e l l  as  In  t h e  c o r r e s p o n d i n g  water  
s o l u h i l l t y  e x p e r i m e n t s .
The d e s ig n  o f  t h e  vapor  p r e s s u r e  a p p a r a t u s  used i n  t h e  70 .0 °C  
e x p e r i m e n t  i s  shown i n  F i g u r e  ? ,  The h y d r o c a r b o n  m ix t u re s  or  p u r e  
components were added  t o  t h e  v e s s e l  t h r o u g h  t h e  septum cap open ing  l e a p  
removed)  w i th  t h e  w a t e r  b a t h  l e v e l  l o w e r e d .  The  l e v e l  was t h e n  r a i s e d  
and w a te r  t e m p e r a t u r e  was m a i n t a i n e d  a t  7 0 , 0 0  t  0 , 0 3 °C f o r  t h e  t i m e  in  
which t h e  vapor  p r e s s u r e  r e a d i n g  was t a k e n .  The  w a te r  b a t h  t e m p e r a t u r e  
was measured by a p l a t i n u m  r e s i s t a n c e  t h e r m o m e t e r  (Weed I n s t r u m e n t  C o . ,
2}
TABLE I .  B i g a r y  h y d r o c a r b o n  m i x t u r e  r e T r a c t i v e  i n d e x  c a l t b r a t i o n a  a t  
21 0  *
Mole F r a c t i o n  A R e f r a c t i v e  I n d e x  Mole F r a c t i o n  A R e f r a c t i v e  I n d e x
n - o c t a n e  (A) + t e t r a i i n  (A} *
1 - m e t h y l b f t D b t h a l e n e m e t h y l c v e l o h e x a r t e
1 .0 0 0 0 1 . 3 9 7 3 1 ,0000 1,5407
0 .0 9 5 8 T * til 73 0 .8 9 6 6 1 ,5293
0-7 9 6 3 1.11368 0 . 7 9 4 0 1 ,5181
0 .7 0 0 0 1.4565 G,6954 1 ,5068
0 . 5 9 3 0 1 .4790 0 .5 9 6 2 1 .4 955
0 .5 0 3 2 1 .4 9 8 5 0 .4 9 8 4 1 .4 8 3 9
0-  399** 1 .5210 0 . 4 0 8 6 1 .4 7 3 2
0 -2 9 3 2 1.5452 0 . 2 9 4 2 1 .4 5 9 3
0 .1 9 7 2 1.5671 0 .1 9 9 8 1 .4 4 7 7
0 ,1 0 0 5 1.5904 0.1011 1 .4354
0 ,0 0 0 0 1 .6146 0 . 0 0 0 0 1 .4227
e t h y l b e n z e n e  (A)  *
n - o c t a n e
1 . 0 0 0 0 1 .4 9 4 0
0.9031 1,4831
0 .8 0 0 6 1 ,4 6 9 6
0 .6931 1 .4574
0 .5 9 1 0 1 .4 4 6 9
0 .5 0 1 4 1,4380
0.1*051 1.4290
0 . 3 0 6 3 1.4204
0 .2 0 1 6 1.4119
0 .1  021* 1 ,4 0 4 3
0 . 0 0 0 0 1.3971
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AG
t h e m a t i c  u f  v a p o r  p r e s s u r e  a p p a r a t u s  u se d  in  70°C e x p e r ­
im en t ,  AG -  a b s o l u t e  g a u g e ;  DG -  d i f f e r e n t i a l  g a u g e ;  M -  
m a g n e t i c  s t i r r e r ;  S -  s e p t u m '  P -  pu it ip.
Model 10U  w i t h  a Leeds  and N o r t h r u p  Type 8079 ER thermometer  b r id g e  
and a Leeds  and N o r t h r u p  Type 9 8 2 8  O.C, n u l l  d e t e c t o r .  The vacuum t r a p  
was p l a c e d  i n  l i q u i d  n i t r o g e n .  The v e s s e l  was pumped down and d e g a s s e d  
by o p e n i n g  t h e  two vacuum s t o p c o c k s  I n  t h e  w a t e r  b a t h .  A pump"down 
t im e  o f   ^ m inu tes  was d e t e r m i n e d  t o  be a d e q u a t e  f o r  d e g a s s i n g ,  e x c e p t  
f o r  p u r e  1- m e t h y l n a p h t h a l e n e .  The immersed s t o p c o c k  c l o s e s t  t o  t h e  
pump wa3 then  c l o s e d  t o  a l l o w  t h e  s y s te m  t o  be open from t h e  v e s se l  t o  
t h e  d i f f e r e n t i a l  gauge ( D a t a m e t r i c s  D a r o e e l  Type 536 p r e s s u r e  s e n s o r ,  
0 , 0 0 1  - 1 0  t o r r  r a n g e ,  c o u p l e d  w i t h  a D a t a m e t r l  cs  B a r o c e l  E l e c t r o n i c  
Manometer  Type 1179 r e a d o u t  u n i t ) .  The p r e s s u r e  on t h e  o p p o s i t e  s i d e  
o f  t h e  d i f f e r e n t i a l  gauge  was a d j u s t e d  t h r o u g h  t h e  u s e  o f  t h e  fou r  
v a l v e s  (one  of  which was a n e e d l e  v a l v e  t o  r e g u l a t e  f low  towards the  
pump) n e a r  t h e  a b s o l u t e  p r e s s u r e  gauge  ( D a t a m e t r l c s  B a r o c e l  Type GQ0A 
p r e s s u r e  s a n s o r ,  0 .1  -  1000 t o r r  r a n g e ,  c o u p l e d  w i t h  t h e  D a t a m e t r l c s  
Type T500 p r e s s u r e  r e a d o u t  u n i t ,  t h e  p r e s s u r e  s e n s o r  was new and 
c a l i b r a t e d  by D a t a m e t r l e s }  t o  g i v e  a n u l l  r e a d i n g  on t h e  d i f f e r e n t i a l  
g a uge .  The a b s o l u t e  p r e s s u r e  g a u g e  r e a d i n g  was t h e n  e q u a l  t o  t h e  
s y s t e m  p r e s s u r e  be tween  t h e  v e s s e l  and t h e  d i f f e r e n t i a l  gauge and was 
r e c o r d e d .  The w a t e r  h a t h  l e v e l  was l o w e re d  and  a h y d r o c a r b o n  m i x t u r e  
s a m p le  was taken  and a n a l y z e d  by r e f r a c t o m e t r y .
b .  R e s u l t s
The r e s u l t s  o f  t h e  v a po r  p r e s s u r e  e x p e r i m e n t s  and  th e  R e d l l c h -  
K i s t e r  c o e f f i c i e n t s  c a l c u l a t e d  u s i n g  t h e  m e th o d  o f  B a r k e r  (1953) a r e  
g iv e n  In  T a b l e  IT.  An a c c u r a c y  t o  t h e  s e c o n d  d e c im a l  p l a c e  In the  
vapor  p r e s s u r e  d e t e r m i n e d  y ^ ^ j v a l u e s  l a  r e q u i r e d  f o r  t h e  purpose o r  
c o m p a r i s o n  w i th  t h e  w a t e r  s o l u b i l i t y  d e t e r m i n e d  v a l u e s .  I t  was
i>6
TABLE I I .  H y d r o c a r b o n  m i x t u r e  v a p o r  p r e s s u r e  r e s u l t s  a n d  R e d l i c h -  
K i s t e r  c o e f f i c i e n t s  c a l c u l a t e d  by t h e  m ethod  o f  D a r k e r  
0 9 5 3 ) .
R e f r a c t i v e  Index  Mole F r a c t i o n  A P r e s s u r e  ( t o r r )
R e d l l c h - K t s t e r
C o e f f i c i e n t s
n - o c t a n e  (A) + , ,  a t
(1 run a t  2 0 0°C)
_ 1 .000 1 0. 39 0 - 0 , 4 7 6 4
1.1*1 Ji6 0 .9 0 8 9 .5 4 C -  - 0 . 0 0 8 0 2 9
1 ,4 3 3 5 0.81  2 8 . 7 9 D -  0 ,0 1 1 5 3
1,41*91 0.733 0 . 2 7
1,1*61 7 0 .675 7 .8 8
i . t tage 0 .570 7 .2 4
1 .**951 0 .510 6 . 9 2
1 .5 2 5 7 0 .375 5 , 9 7
1 .5 5 1 5 0 ,263 4 ,98
1 .5 6 8 0 0 .195 4 .1 3
f . 5 9 1 5 0 .0 9 2 2 , 4 4
- 0 .000 0 .0 3
n - o c t a n e  (A) *
1 -m e t  h y l n a p h t  h a l e n e {2nd run  a t  2 0 .0 ° C )
_ 1 .000 10. 35 B -  0 . 4 7 3 2
1 .4 0 8 7 0 .9 3 6 9 . 7 9 C -  - 0 .0 1  317
1 .4 1 7 7 0.891 9 . 3 9 D -  0 , 0 1 5 1 3
1 .4 3 0 2 0 ,8 2 9 8 . 0 8
1.4587 0 .6 8 9 7 . 9 3
1 .4 8 9 2 0 .5 4 7 7 .01
1.57 37 0 ,4 3 2 6 . 3 2
1 .5 3 8 9 0 ,3 1 8 5 . 4 6
1 ,5 5 1 0 0 ,  266 4 . 9 9
1 ,5 7 7 8 0 .1 5 3 3 . 4 6
1 .5 9 1 0 0 .0 9 3 2 . 4 7
— 0 .0 0 0 0 , 0 3
n - o c t a n e  (A) +
1 ' m e t  h y l n a p h t h a l e n e ( 7 0 .0 ° C )
— 7,0 0 0 1 1 8 ,4 B -  0 . 41 04
1. 4197 0 , 8 8 0 1 0 6 .5 C -  - 0 ,  01980
1 .4409 0 .7 7 6 9 6 . 8 D - 0 .0 2329
1 .4 6 3 2 0 .6 7 0 8 8 .3
t . 4752 0 ,  Gt 2 0 3 . 9
1 .4 9 6 7 0 .5 0 9 7 5 .0
1 ,5 1 1 0 0 .4 4 4 7 0 . 3
1 .5 3 2 4 0 .3 4 8 6 1 . 9
1 .5 5 9 7 0 .2 2 9 4 0 . 3
1 .5 9 5 4 0 .0 7 8 2 0 . 0
- 0 .0 0 0 1 . 4
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TABLE I I ,  C o n t i n u e d .
R e f r a c t i v e  Index  Hole  F r a c t i o n  A P r e s s u r e  ( t o r r )
t e t r a i i n  (A) ■*
m e t h y l c v c l o h e x a n e  ( 2 0 . 0  C)
- 1 .000 0.  15
t .5301 0 ,9 0 4 5 .1 3
1.5194 0 ,8 0 5 9 ,6 3
1 .5 096 0 . 7 2 0 13-11
1.4958 0 .5 9 9 1 7 .4 3
i .4878 0.531 19 ,60
1.4791 0 .4 5 0 21 .98
1 .4696 0 . 3 7 9 24.31
1.4574 0 ,2 7 9 2 7 . 3 8
1.4447 0 ,1 7 6 3 0 .4 4
1.4296 0 .0 5 5 3 4 .3 7
- 0 . 0 0 0 3 6 .1 4
e t h y l  be nz ene  (A) * 
n ^ o c t a n e  (gO.O°C)
— 1 ,0 0 0 7 .0 8
1 .4780 0 .8 7 2 8 . 1 8
1.4684 0 .7 9 2 8 ,74
1 .4579 0 .6 9 8 9 .2 6
1,4491 0.61 4 9 .3 9
1,4368 0 ,487 9 .7 4
t , 4282 0 .397 9 ,9 2
1 .4 1 7 5 0 .2 7 5 1 0 . 1 3
1 .4 108 0.  200 1 0,  24
1 .4043 0 .1 0 5 10 .3 2
- 0 . 0 0 0 10, 36
R e d l l o h ’ X l s t e r  
C o e f f 1 c l e n t s
B -  0 , 2 1 0 6  
C -  - 0 . 0 1 2 7 8  
D - 0 . 0 1 7 4 2
B -  0 .2 0 2 9  
C - 0 .05873  
D -  - 0 .0 0 5 2 1 0
I m p o r t a n t  t o  a a s e s s  t h e  a f f e c t  o f  I m p e r f e c t i o n s  i n  t h e  v a p o r  p h a s e  on
t h e  r e s u l t i n g  v v a l u e s  s i n c e  s e c o n d  v i r i a l  c o e f f i c i e n t s  a t  20  a n dU r  )
70°C  f o r  t h e  compounds o r  i n t e r e s t  w e r e  n o t  a v a i l a b l e .  J a i n  e t  a l .
( 1 9 7 3 }  u s e d  t o t a l  v a p o r  p r e s s u r e  m e a s u r e m e n t s  a n d  t h e  m ethod  o f  B a r k e r
M 9 5 3 )  t a k i n g  I n t o  a c c o u n t  v a p o r  p h a s e  i m p e r f e c t i o n s  ( i . e . .  s e c o n d
v l r i a l  c o e f f i c i e n t s )  t o  d e t e r m i n e  V , , . .  v a l u e s  f o r  an n - o o t a n e  *1 (h J
b e n z e n e  s y s t e m  at  25 a n d  5 5°C.  I f  t h e  v a p o r  p h a s e  i m p e r f e c t i o n s  a r e
n o t  a c c o u n t e d  f o r ,  t h e  sama a c t i v i t y  c o e f f i c i e n t s  a r e  c a l c u l a t e d  t o  t h e
s e c o n d  d e c i m a l  p l a c e .  T h e  n - o c t a n e  ■* b e n z e n e  s y s t e m  i s  s i m i l a r  t o  t h e
s y s t e m s  exam ined  In t h e s e  e x p e r i m e n t s , t h u s  i t  c a n  he a s sum ed  w i t h
r e a s o n a b l e  c e r t a i n t y  t h a t  v a p o r  p h a s e  i m p e r f e c t i o n s  make a s u f f i c i e n t l y
m i n o r  c o n t r i b u t i o n  t o  t h e  c a l c u l a t e d  Y. , v a l u e s  t o  be d i s r e g a r d e d .i  (h )
T h e  s i n g l e  compound v a p o r  p r e s s u r e s  a r e  i n  good a g r e e m e n t  
( g e n e r a l l y  w i t h i n  2 f )  o f  API  P r o j e c t  v a p o r  p r e s s u r e s ,
3 .  W a t e r  S o l u b i l i t y  D e t e r m i n a t i o n s
The a c c u r a c y  a n d / o r  p r e c i s i o n  o f  s o l u b i l i t y  d e t e r m i n a t i o n s  a r e  
i m p o r t a n t  c r i t e r i a  t o  t a k e  I n t o  a c c o u n t  when d r a w i n g  c o n c l u s i o n s  b a s e d  
upon s o l u b i l i t y  d a t a .  I t  i a  d i f f i c u l t  t o  d e s c r i b e  t h e  c l o s e n e s s  o f  an 
e x p e r i m e n t a l  m easu rem en t  t o  t h e  ' t r u e '  v a l u e .  The b e s t  t h a t  can be  
ho p e d  f o r  i s  a r e a s o n a b l e  amount  o f  c o n f i d e n c e  I n  t h e  a c c u r a c y  o f  t h e  
e x p e r i m e n t a l  r e s u l t s .  The low  s o l u b i l i t y  o f  t h e  compounds used  i n  t h i s  
s t u d y  makes  s o l v e n t  e x t r a c t i o n  f o l l o w e d  by c h r o m a t o g r a p h i c  a n a l y s i s  the  
p r e f e r e d  method f o r  r o u t i n e  a n a l y s i s  o f  t h e  s o l u b i l i t y  o f  h y d r o c a r b o n  
m i x t u r e s .  E r r o r s  due t o  c h r o m a t o g r a p h y  can  be r e d u c e d  by use  o r  
I n t e r n a l  s t a n d a r d  q u a n t i f i c a t i o n ,  T h e  p r i m a r y  d r a w b a c k  o f  t h e  s o l v e n t  
e x t r a c t i o n  method I s  t h a t  t h e  e f f i c i e n c y  o f  t h e  e x t r a c t i o n  p r o c e d u r e  i s
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g e n e r a l l y  n o t  wel l  known. A c c o r d i n g l y ,  t h e  s o l u b i l i t y  o f  l - m e t h y l -  
n a p h t h a l e n e  was a l s o  d e t e r m i n e d  by  a p r o c e d u r e  u s i n g  r a d i o l a b e l l e d  
t - m e t  h y l n a p h t h a l e n e  and l i q u i d  a c i n t l 11 a t  I o n  c o u n t i n g  w h i c h  d i d  n o t  
i n v o l v e  s o l v e n t  e x t r a c t i o n .  The u s e  o f  a r a d i o l a b e l l e d  compound haa 
t h e  drawback  t h a t  t h e  s o l u b i l i t y  v a l u e  d e t e r m i n e d  may be h i g h  due  t o  
t h e  p o s s i b l e  p r e s e n c e  o f  r a d i o l a b e l l e d  p o l a r  i m p u r i t i e s .  C o m p a r i s o n  o f  
s o l u b i l i t y  v a l u e s  d e t e r m i n e d  by t h e  two m e th o d s  g i v e s  ah I n d i c a t i o n  o f  
t h e  midi mum e x t r a c t i o n  e f f i c i e n c y .
Comparison o f  e x p e r i m e n t a l  s o l u b i l i t y  v a l u e s  w i t h  s o l u b i l i t y  
v a l u e s  In  t h e  l i t e r a t u r e  c a n  a d d  a d e g r e e  o f  c o n f i d e n c e  IT good 
a g re e m e n t  i s  f o u n d ,  b u t  may o n l y  i n d i c a t e  t h e  p r e s e n c e  o f  g r o s s  e r r o r s .  
S o l u b i l i t i e s  of  p u r e  h y d r o c a r b o n s  d e t e r m i n e d  w i t h i n  t h i s  s t u d y  were  
t h e r e f o r e  compared  w i t h  l i t e r a t u r e  v a l u e s .
For some a s p e c t s  of  t h i s  s t u d y ,  a b s o l u t e  a c c u r a c y  i s  n o t  as  
i m p o r t a n t  as  c o n s t a n c y  o f  s y s t e m a t i c  e r r o r s  ( i . e .  t h a t  t h e  e x t r a c t i o n  
e f f i c i e n c y  o f  a  g i v e n  compound r e m a i n  r e a s o n a b l y  c o n s t a n t ) .  T h i s  i s  o f  
p a r t i c u l a r  i m p o r t a n c e  i n  t h e  e x a m i n a t i o n  o f  d e v i a t i o n s  f rom  i d e a l  
s o l u t i o n  b e h a v i o r  ( i n d i c a t e d  by e q u a t i o n  (£)  when i s  u n i t y ) .  I t
i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  s y s t e m a t i c  e r r o r s  d u e  t o  an e x t r a c t i o n  
p r o c e d u r e  would be c o n s t a n t  IT a d e q u a t e  p r e c a u t i o n s  a r e  t a k e n  and  t h e  
p r o c e d u r e  r e p l i c a t e d .
C o n c l u s i o n s  drawn f rom e x p e r t  m e n t a l  d a t a  m us t  be made t a k i n g  t h e  
p r e c i s i o n  {random e r r o r )  or  t h e  d a t a  i n t o  a c c o u n t .  The p r e c i s i o n  i s  
l i m i t e d  by t h e  a n a l y t i c a l  p r o c e d u r e  u s e d ,  i n  t h i s  c a s e  ga s  
c h r o m a to g r a p h y  w i t h  f l a m e  i o n i z a t i o n  d e t e c t i o n ,  i n  c o n j u n c t i o n  w i t h  t h e  
r e p r o d u c i b i l i t y  o f  a l l  p r o c e d u r e s  p r i o r  t o  a n a l y s i s .  I n a p p r o p r i a t e
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c o n c l u s i o n s  can be made i f  t h e  p r e c i s i o n  o f  t h e  e x p e r i m e n t a l  d a t a  l a  
n o t  a c c o u n t e d  f o r ,
a .  M a t e r i a l s  and Methods
The h y d r o c a r b o n s  u se d  a r e  l i s t e d  be low by s u p p l i e r .  The s t a t e d  
p u r i t y  or  g r a d e  Is  g i v e n  In p a r e n t h e s e s .  A l d r i c h  C he m ic a l :  n a p h t h a l e n e  
(99 + Jl);  1- m e t h y l n a p h t h a l e n e  ( 9 7 J  o r  Q9£, o n l y  971 p u r i t y  was a v a i l a b l e  
a t  t h e  b e g i n n i n g  o f  t h e  s t u d y ) ;  1 , k - d i m e t h y l n a p h t h a t e n e  (99S) ;
? - e t h y l n a p h t h a l e n e  (99+1) ;  1 , 2  , 3,  l l - t e t r a h y d r o n a p h t h a l e n e  o r  t e t r a l  In 
<991CJ ; e t h y l b e n a e n o  19931); n - t u t y l b e n z e n e  ( 99+ S ) ;  n - o c t a n e  ( 9 9 + J ) ;  
m e thy l  c y c lo h e x a n e  f 993t>; n - d o d e c a n e  C9 9 Jt) ; n - t r l  d ecane  ( 9 9 + J ) ;  
n - p e n t a d e c a n e  (981E). P f a l t z  and B a u e r :  1, 3 (5_ t r l  e t h y l  be nz ene  (99 3t). 
Eas tm an  Kodak: e t h y l b s n z e n e  ( 9 3 1 ) ;  n - d e c a n e  ( 9 3 J ) ;  n~undecane  ( 993U. 
M a th e s o n ,  Coleman and B e l l :  n- t e t r a d e c a n e  ( 9 9 0 .  L a n c a s t e r  S y n t h e s i s ;
l ^m e t h y l c y c l o h e x a n e  ( 9 9 . 9 t ) .  Amersham: 1 - (C  J m e t h y l n a p h t h a l e n e  
( s p e c i a l l y  s y n t h e s i z e d  and p r e p a r e d  t o  be  f r e e  o f  p o l a r  i m p u r i t i e s  by 
s u p p l i e r ) .  B u r d i c k  and  -Jackson:  t o l u e n e  ( d i s t i l l e d  I n  g l a s s ) ;  
n - p e n t a n e  ( d i s t i l l e d  i n  g l a s s } .  Note t h a t  two s u p p l i e r s  a r e  l i s t e d  f o r  
e t h y l b e n z e n e  and  m e t h y l c y c l o h e x a n e .  U n l e s s  o t h e r w i s e  s t a t e d ,  t h e  
s u p p l i e r  w i t h  t h e  l e s s  pu re  g r a d e  was u s e d .  A l l  c h e m i c a l s  were u se d  as  
r e c e i v e d  e x c e p t  f o r  1- m e t h y l n a p h t h a l e n e  ( n o t  r a d i o l a b e l l e d }  which was 
p u r i f i e d  by e l u t i o n  t h r o u g h  a  column o f  a c t i v a t e d  s i l i c a  g e l  t o  remove 
i n t e r f e r i n g  p o l a r  I m p u r i t i e s ,  O r g a n i c - f r e e  w a t e r  was o b t a i n e d  from a 
C u i i i g a n  A q u a - c i e e r  R e v e r s e  O sm os is  S y s t e m .
The d e s i g n  o f  t h e  s o l u b i l i t y  v e s s e l s  u sed  in  t h e  s o l u b i l i t y  
e x p e r i m e n t s  be low 30°C i s  shown i n  F i g u r e  3. The v e s s e l  d e s i g n  used 
f o r  e x p e r i m e n t s  above 30°C i s  t h e  same e x c e p t  t h a t  a  Ca jon  o - r i n g  s e a l
GLASS TUBING
■TEFLON F I T T I N G
HYDROCARBON
PH A SE
AQUEOUS
PHASE
STIR B A R
F i g u r e  3 .  Des ign  o f  w a t e r  s o l u b i l i t y  v e s s e l .
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was u sed  i n  p l a c e  o f  t h e  T e f l o n  n t t i n g  and  t h e  t i p  o f  t h e  g l a s s  t u b i n g  
was d rawn c l o s e d  and  b ro k en  p r i o r  t o  s a m p l i n g .
T h e  h y d r o c a r b o n  phase  was a d d e d  t o  t h e  v e s s e l  a f t e r  a d d i t i o n  o f  
a p p r o x i m a t e l y  ^ 00  ml w a t e r .  The amount  o f  h y d r o c a r b o n  p h a s e  a d d e d  wa3 
s e l e c t e d  so  t h a t  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  d i d  n o t  c h a n g e  
s i g n i f i c a n t l y  ( l e s s  t h a t  pe r  com ponen t )  upon e q u i l i b r a t i o n .  The 
c o n t e n t s  o f  t h e  v e s s e l s  were  s t i r r e d  w i t h o u t  d i s t u r b a n c e  o f  t h e  
h y d r o c a r b o n - w a t e r  i n t e r f a c e  f o r  a minimum o f  ^0 h .  In  i n i t i a l  
e x p e r i m e n t s  t h e  v e s s e l s  were a l s o  a l l o w e d  t o  s e t  u n d i s t u r b e d  f o r  2^ h 
p r i o r  t o  s a m p l i n g .  The s e t t i n g  p e r i o d  was l a t e r  f o u n d  t o  be 
u n n e c e s s a r y  and was o m i t t e d .  L a s e r  l i g h t  s c a t t e r i n g  o b s e r v a t i o n s  
i n d i c a t e d  t h a t  d r o p l e t s  were  n o t  p r e s e n t .  The t e m p e r a t u r e  o f  t h e  
v e s s e l s  was c o n t r o l l e d  by u s e  o r  e i t h e r  i n c u b a t o r s  o r  w a t e r  b a t h s .  The 
I n c u b a t o r s  were u s e d  i n i t i a l l y  b u t  c o u l d  o n l y  be  c o n t r o l l e d  w i t h i n  0 . 5  
t o  1 . 0 ° C .  W ate r  b a t h s  were  u s u a l l y  c o n t r o l l e d  w i t h i n  0 . 2 ° C ,  a l l o w i n g  
t h e  maximum p o s s i b l e  t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  r u n s  t o  be O .^ ^ C .
I n  t h e  s o l u b i l i t y  e x p e r i m e n t s  a t  t e m p e r a t u r e s  o v e r  30a C, t h e  w a t e r  
l e v e l  i n  t h e  w a t e r  b a t h  had t o  c o v e r  t h e  e n t i r e  v e s s e l ,  e x o e p t  t h e  
g l a s s  t u b i n g ,  t o  p r e v e n t  c o n d e n s a t i o n  from a f f e c t i n g  t h e  c o m p o s i t i o n  o f  
t h e  h y d r o c a r b o n  p h a s e .
Water  s a m p l e s  were removed f rom th e  v e s s e l s  by a p p l y i n g  p r e s s u r e  
t h r o u g h  t h e  s e p t a  w i t h  a s y r i n g e .  W ate r  s a m p l e s  were  a d d e d  d i r e c t l y  t o  
t a r e d  60  ml s e p a r a t o r y  f u n n e l s  wh ich  were  r e w e i g h e d  t o  o b t a i n  t h e  
amount  o f  w a t e r  e x t r a c t e d  ( g e n e r a l l y  20 -  25 m l ) .  Two t y p e s  o f  60 ml 
s e p a r a t o r y  f u n n e l s  were u s e d :  s t a n d a r d  w i t h  g ro u n d  g l a s s  s t o p p e r e d  t o p s  
a n d  m o d i f i e d  w i t h  t h e  t o p s  r e l a c e d  w i t h  sep tu m  s c r e w  c a p s .  The  
m o d i f i e d  s e p a r a t o r y  T u n n e l s  were  u s e d  i n  t h e  e x p e r i m e n t s  e x a m i n i n g
5 3
s o l u b i l i t y  a s  a f u n c t i o n  o f  t e m p e r a t u r e  due t o  s p e c i a l  s a m p le  h a n d l i n g  
p r e c a u t i o n s  n e c e s s a r y  t o  p r e v e n t  v a p o r  l o s s e s  a t  h i g h e r  t e m p e r a t u r e s .  
The s a m p l e s  were e x t r a c t e d  by two d i f f e r e n t  p r o c e d u r e s  d e p e n d in g  upon 
t h e  s e p a r a t o r y  f u n n e l  t y p e  u sed .  S t a n d a r d  s e p a r a t o r y  f u n n e l :  S a m p le s  
were  e x t r a c t e d  ( f o r  2 m in u t e s )  w i t h  1 ml p e n t a n e  c o n t a i n i n g  t h e  
a p p r o p r i a t e  i n t e r n a l  s t a n d a r d s .  The p e n t a n e  p n a s e  waa i s o l a t e d  a n d  t h e  
w a t e r  e x t r a c t e d  t w i c e  more w i t h  p e n t a n e  (1 ml e a c h ) .  P e n t a n e  p h a s e s  
were combined  th e n  a n a l y z e d .  M o d i f i e d  s e p a r a t o r y  f u n n e l ?  Septum cap 
was s c r e w e d  on i m m e d i a t e l y  a r t e r  s a m p l e  was o b t a i n e d .  S a m p le s  were 
c o o l e d  i n  an I c e  w a t e r  b a t h  p r i o r  t o  a d d i t i o n  o f  T ml n e a t  p e n t a n e  v i a  
a g l a s s  s y r i n g e  t h r o u g h  t h e  s e p t a .  The s a m p le  was s h a k e n  Tor 1 m in u t e  
t h e n  1 . 0 0  ml p e n ta n e  c o n t a i n i n g  t h e  a p p r o p r i a t e  i n t e r n a l  s t a n d a r d s  was 
added  and  t h e  f u n n e l  was s h a k e n  f o r  T more m i n u t e .  The p e n t a n e  p h a s e  
was i s o l a t e d  and t h e  s a m p le  e x t r a c t e d  t w i c e  more  as  b e f o r e .
The u s e  o f  i n t e r n a l  s t a n d a r d s  was I m p o r t a n t  f o r  b o t h  a c c u r a c y  and 
p r e c i s i o n .  I n t e r n a l  s t a n d a r d s  w e re :  M e t h y l c y c i o h e x a n e  was used 
i n i t i a l l y  f o r  n - o c t a n e  and v i c e  v e r s a ,  n-Nonane  waa l a t e r  u se d  f o r  
b o t h  n - o c t a n e  and m e t h y l c y c l o h e x a n e . 1 , 3 , 5 - T r l i a o p r o p y l b e n z e n e  was
use d  f o r  a l l  a r o m a t i o s .  I n  i n i t i a l  e x p e r i m e n t s ,  t h e  i n t e r n a l  s t a n d a r d  
s o l u t i o n  was added i n  t h e  s e p a r a t o r y  f u n n e l  t o  t h e  f i r 3 t  1 ml of 
p e n t a n e  u s i n g  a 0 . 1 0 0  ml p i p e t t e .  I n  l a t e r  e x p e r i m e n t s ,  1 . 0 0  ml o f  
p e n t a n e  a l r e a d y  c o n t a i n i n g  t h e  I n t e r n a l  s t a n d a r d s  was a d d e d  t o  t h e  
s e p a r a t o r y  f u n n e l  f o r  t h e  f i r s t  p e n t a n e  e x t r a c t i o n .  The l a t t e r  
p r o c e d u r e  was found t o  s i g n i f i c a n t l y  I n c r e a s e  p r e c i s i o n .  The 
v o l a t i l i t y  of  p e n t a n e  r e q u i r e d  s p e c i a l  p r o c e d u r e s  t o  be  f o l l o w e d  i n  
r e g a r d  t o  t h e  I n t e r n a l  s t a n d a r d  s o l u t i o n s ,  ft s i g n i f i c a n t  amount o f  
p e n t a n e  e v a p o r a t e s  Trcm t h e  v o l u m e t r i c  f l a s k  o v e r  a p e r i o d  of  two o r
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m ore  d a y s  o f  u s e ,  t h u s  a l t e r i n g  t h e  i n t e r n a l  s t a n d a r d  c o n c e n t r a t i o n s .
To a v o i d  t h i s ,  a new i n t e r n a l  s t a n d a r d  s o l u t i o n  h a d  t o  be  used  f o r  e a c h  
day t h a t  e x t r a c t i o n s  w e r e  d o n e .  R e l a t i v e  r e s p o n s e  f a c t o r s  were 
d e t e r m i n e d  e a c h  day of g a s  c h r o m a t o g r a p h i c  a n a l y s i s  by i n j e c t i n g  a 
s o l u t i o n  c o n t a i n i n g  known amounts  o f  i n t e r n a l  s t a n d a r d s  and  compounds 
o f  i n t e r e s t .
The gas  c h r o m a to g r a p h y  c o n d i t i o n s  u s e d  were? V a r t a n  2700 gas  
c h r o m a t o g r a p h  m o d i f i e d  Tor  g l a s s  c a p i l l a r y  c o l u m n s ,  20 m 3E-52 g l a s s  
c a p i l l a r y  co lum n ,  s p l i t l e s a  I n j e c t i o n  a t  2 4 0 °C ,  f l a m e  i o n i z a t i o n  
d e t e c t o r  (FID) a t  300°C,  oven  t e m p e r a t u r e  p rogram m ed  f rom  40 t o  240°C 
a t  i O ° C / m ln ,  h e l ium  c a r r i e r  g a s .  FID r e s p o n s e  was i n t e g r a t e d  by a
H e w l e t t - P a c k a r d  Model 3354  L a b o r a t o r y  D a t a  S y s t e m .
When t h e  i n c u b a t o r s  w e re  u s e d ,  t h r e e  s o l u b i l i t y  v e s s e l s  were
e q u i l i b r a t e d  w i t h  a g i v e n  m i x t u r e  o r  p u r e  c o m p o n e n t .  E a c h  v e s s e l  was
a n a l y z e d  t w i c e  t o  y i e l d  s i x  v a l u e s .  When w a t e r  b a t h s  w e re  u s e d ,  two
s o l u b i l i t y  v e s s e l s  were e q u i l i b r a t e d  w i t h  a g i v e n  m i x t u r e  or  pu re
c o m p o n e n t .  Each v e s s e l  was a n a l y z e d  t h r e e  t i m e s  t o  y i e l d  s i x  v a l u e s .
I f  a S i n g l e  v a l u e  a p p e a r e d  t o  bo a t  e r r o r ,  i t  waa d e l e t e d  i f  i t  f a i l e d
t h e  Q t e s t  a t  t h e  QOJ c o n f i d e n c e  l e v e l .  T t  was r a r e  t h a t  a v a lu e  had
t o  be d e l e t e d ,  ft minimum a f i v e  v a l u e s  w e re  u a e d  t o  c a l c u l a t e  a mean
a n d  s t a n d a r d  d e v i a t i o n  f o r  e a c h  c O n c e n t r a t l o n f e . g . ,  f o r  1 - m e t h y l -
n a p h t h a l e n e :  3 0 . 6 ,  <12,6, 3 1 . 2 ,  3 0 . 2 ,  3 0 . 3  and 31 .  i m g /L .  The 4 2 .6
v a l u e  c a n  be d e l e t e d  t h u s :  n - 5 ,  x - 3 0 . 7 , S D - 0 . 5  a n d  c o e f .  o f  v & r . - 1 . 6 . ) .  
f 4For t h e  1 - fC ) m e t h y l n a p h t h a l e n e  s o l u b i l i t y  e x p e r i m e n t s ,  1 
m l l l l c u r i  e  o f  t h e  l a b e l l e d  1- m e t h y l n a p h t h a l e n e  was a d d e d  t o  25 ml o f
u n l a b e l l e d  1 - m e t h y l n a p h t h a l e n e .  T h i s  a c t i v i t y  was c a l c u l a t e d  t o  y i e l d
s u f f i c i e n t  a c t i v i t y  i n  t h e  w a t e r  p h a s e  f o r  e f f i c i e n t  l i q u i d
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s c i n t i l l a t i o n  c o u n t i n g .  A f t e r  tw o  v e s s e l s  w e r e  e q u i l i b r a t e d  a s  a b o v e ,
2 . 0  ml w a t e r  s a m p le s  were added  t o  t a r e d  s c i n t i l l a t i o n  v i a l s .  S i x
s a m p l e s  were  t a k e n  from each  v e s s e l .  V i a l s  w e r e  r e w e l g h e d  t o  o b t a i n
t h e  w e i g h t  o f  s am p le .  2 .0 0  ml o f  m e tha no l  and  1 0 . 0  ml o f  A q u a s o l - 2
s c i n t i l l a t i o n  c o c k t a i l  (New E n g l a n d  N u c l e a r )  was a d d e d  t o  e a c h  v i a l ,
1 4and  v i a l s  were s h a k e n .  S t a n d a r d s  o f  t h e  1 — f C I m e t h y i  n a p h t h a l e n e  
S p ike d  1- m e t h y l n a p h t h a  1ene e n c o m p a s s in g  t h e  e x p e c t e d  s o l u b i l i t y  w e r e  
p r e p a r e d  i n  50 ml v o l u m e t r i c  f l a s k s  w i t h  m e t h a n o l ,  F o r  e a c h  s t a n d a r d ,
2 . 0 0  ml s t a n d a r d  s o l u t i o n ,  2 ,0 0  ml H^O and 1 0 , 0  ml A q u a a o l - 2  was ad d e d  
t o  t h e  s c i n t i l l a t i o n  v i a l .  B l a n k s  w e r e  a l s o  p r e p a r e d  u s i n g  n e a t  
m e t h a n o l  and H^O i n  t h e  c o c k t a i l .  S t a n d a r d s  and  b l a n k s  w e r e  d o n e  In 
d u p l i c a t e .  The s c i n t i l l a t i o n  v i a l s  w ere  c o u n t e d  t o  l , 0 f  a c c u r a c y  u s i n g  
a  Beckman LS-1 50 L i q u i d  S c i n t i l l a t o r  S y s t e m ,
b- S i n g l e  H y d r o c a rb o n  Water  S o l u b i l i t y  R e s u l t s  
H y d r o c a rb o n  s o l u b i l i t y  d a t a  a r e  shown i n  T a b l e  i n .  More 
s o l u b i l i t y  d a t a  a r e  g i v e n  f o r  1- m e t h y l n a p h t h a l e n e  and  n - o c t a n e  s i n c e  
b i n a r y  m i x t u r e s  c o n t a i n i n g  t h e s e  compounds were  e x t e n s i v e l y  s t u d i e d  in  
t h i s  I n v e s t i g a t i o n .  When a n o t h e r  p e r s o n  d i d  t h e  e x t r a c t i o n s ,  t h e  p u r e  
compound s o l u b i l i t i e s  n e e d ed  were  r e p e a t e d  t o  a c c o u n t  f o r  p o s s i b l e  
p r o c e d u r a l  b i a s .  I n  g e n e r a l ,  r e p l i c a t e  v a l u e s  were  q u i t e  c l o s e  t o  e a c h  
o t h e r .  E x t r a p o l a t e d  25°C s o l u b i l i t y  v a l u e s  p r e s e n t e d  f o r
1 - m e thy l  n a p h t h a l e n e  and  n - o c t a n e  w e r e  o b t a i n e d  from an e x p e r i m e n t  
e x a m i n in g  s o l u b i l i t y  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  w h i c h  w i l l  be 
p r e s e n t e d  l a t e r .  The s t a n d a r d  c u r v e  u se d  t o  d e t e r m i n e  1 - m e t h y l -  
n a p h t h a l e n e  s o l u b i l i t y  i n  t h e  r a d i o l a b e l l e d  s o l u b i l i t y  e x p e r i m e n t  I s  
shown i n  F i g u r e  4.
36
TABLE H I .  Hydrocarbon  w a t e r  s o l u b i l i t i e s  (mg/L, x ± -| SD) a t  20 °C 
( u n l e s s  o t h e r w i s e  s t a t e d ) .
Hydrocarbon  
T - m e t h y l n a p h t h a l e n e
r r  o c t a n e
S o l u b l 1 l t y  L i t e r a t u r e  S o l u b i l i t y  R e f e r e n c e
3 0 . 5 t  0 , ?a 25 .3
3 0 . 0 t  0 . 9 * 2 5 .8
29 .6 i  0 . 3 2 8 .5
3 0 . 2 ± 0 . 3
2 9 . 9 ± 0 .4
2 8 . 9 t  n. i b
3 2 . 0 ± o . 4 c
3 2 . 1 ± o . i c
3 2 . 0 ( 2 5 ° C ) b , d
9
(25°C) 5
( 55  C) a
8 9 . a  ± 0 . 3  ( 7 0 ° C ) b 
8 6 . 5  ± 1.1 (70°C>*
8 9 . 4  ± 1 . 2  ( 7 0 ° C ) ^
9 0 . ?  i  1 .1  (70 C 
8 7 . 9  ± 1 .5  (70°C )
0 . 8 9 8  + 0 ,Q24a , e  0 .431 (25°C) 2
0 . 8 9 0  ± 0 , 0 3 1 a 0 .6 6  (25 C) t
0 . 8 9 2  ± 0 . 0 2 2 a , e  0 .85  (25°C)  10
0 . 8 3 7  ± 0 . 0 1 9a *8 0 .8 8  <25°C) 11
0 . 8 8 4  ± 0,011
0.9*19 ± 0 . 0 2 8
0 . 8 1 6  ± O.OOsfj
0 . 8 1 5  ± 0.01 1
0 . 8 0 6  (25CC )b ’d
1 .79 + 0 , 0 2 ( TO C)
1 .65 * 0 , 0 7 (TO C)
1 .73 ± 0 ,0 6 f 70 C)
1 .69 ± 0 .04 (70°C>
1 .46 ± 0 . 0 3 ( 7 0  C )
b
b
b
b
b*g
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TABLE 1IT.  C on tin ued
H ydroca rbon  
n a p h t h a l e n e
2 - e t h y l n a p h t h a l e n e
1, 4 - d i m e t h y l -
n a p h t h a l e n e
1 . 2 , 3 ,  4~tetrahydro-  
naphthalene
met hyl  eye 1 ohe Kane
e t  hy l  ben zene
t o l u e n e
n - b u t y l  ben zene
n -hexy  1 benzene
p h e n y l c y c l o h e x a n e
1, 3 ,  3 " t r i e t h y l -  
benzene
S o l u b i 1 1 t y  L i t e r a t u r e  S o l u b i l i t y  R e f e re n c e
2 5 ,3  ± 0 . 5  31 .3  (25®C) 5
2 7 .0  ± 0 . 3  3 3 . 6  (25°C) 6
31 .2  {25 C) 7
9 . i*T ± 0 .  39 8 . 0 0  (25°C} 5
9.21 ± 0 . 0 9
9 . 5 5  ± 0 . 2 1 1 1 1 . 4  (25°C) 8
9.91 ± 0 , 2 0
9 .4 7  ± 0 , 1 4
4 5 . 0  ± 0 , 4
42 .7  ± 0 . 4
1 7 . 8  t  0 . 4 a , f  1 6 . 0  ( 2 5 ^ 0  2
16 . 7  t  0 . 6 a 1 4 . 0  (25 C) 1
1 6 , 6  t  0 . 4
1 5 .2  ± 0 .1
180 t  1 152 (25°C) 1
181 ± 4 t 3 1 { 2 5 ° d  2
208 ( 25°C} 3
161 (25°C) 4
567 ± 8 515  (25°C) 1
554 (?5°C) 2
627 (?5°C) 3
535 {25 C) 4
1 3 . 3 + 0 . 2  1 1 . 8  (25°C) 4
0 .889  ± 0 .0 1 7
4. 23 ± 0 . 1 2
3 .47  t  0 . 0 2
3 8
TABL£ I I I ,  Continued
a -  t e m p e r a t u r e  c o n t r o l  by i n c u b a t o r  i n s t e a d  o f  w a t e r  b a t h  
b -  u s i n g  m o d i f i e d  a e p a r a ^ r y  f u n n e l  e x t r a c t i o n  p r o c e d u r e
0 -  s o l u b i l i t y  u s in g  1 - < G 1 m e t h y l n a p h t h a l e n e  
d -  e x t r a p o l a t e d  v a lu e
e -  m e thy l  e y e l o h e x a n a  aa i n t e r n a l  s t a n d a r d  I n s t e a d  o f  n - n o n a n e  
f  -  n - o c t a n e  a a  I n t e r n a l  s t a n d a r d  i n s t e a d  o f  n - n o n a n e  
g -  d i f f e r e n t  n-ruanane i n t e r n a l  s t a n d a r d  s t o c k  was u s e d ,  w h i c h  may 
a c c o u n t  f o r  l o w e r  v a lue
Ref e r e n c e s :
1 -  M c A u U r r e ,  1966
2 -  P r i  oe, 1 973
3 -  Bohon and  C l a u a s e n ,  1951 
Jj -  S u t t o n  a n d  C a l d e r ,  1975
5 -  E g a n h o u s e  and  C a l d e r ,  1976
6 -  Gordon a n d  T ho rne ,  1967
7 -  Wauchope and  Ce tz e r i ,  1972 
fl -  Mackay a n d  S h i u ,  1977
9 -  Schwarz*  1977
10 -  P o l a k  a n d  Lu* 1973
11 -  N e l s o n  and  L i g n y ,  1968
39
AM
OU
NT
 
1-
M
ET
H
Y
LN
A
PM
TH
A
Lt
N
E 
(
1
64  ~
6 0
6 6
4 0 ■-1 r ~
3000 3400 4200 4 6 0 0  5 0 0 0  5400  5000
C O U N T S  P E R  M I N U T E  t & o e h g f o u n d  C o r r i c t e d t
F i g u r e  4 ,  S t a n d a r d  c u r v e  u a e d  t o  d e t e r m i n e  L - m e t h y l n a p h t h a l e n e  
s o l u b i l i t y  i n  t h e  r a d l o l a b e l l e d  w a t e r  s o l u b i l i t y  
e x p e r i m e n t .
4 0
L i t e r a t u r e  v a l u e s  shown i n  T a b l e  H I  do no t  r e p r e s e n t  a c o m p l e t e  
s e a r c h ,  hu t  were l o c a t e d  f o r  t h e  p u r p o s e  o f  compar ison ,  A l t h o u g h  most  
o f  t h e  l i t e r a t u r e  v a l u e s  e r e  f o r  25 °C ,  t h e y  a r e  s t i l l  u s e f u l  a s  a  rough 
compar ison .
1 1<The 1- m e t h y l n a p h t h a l e n e  s o l u b i l i t y  v a l u e  us ing  1 - CC ) m e t h y l -  
n a p h t h a l e n e  s h o u ld  be c l o s e s t  t o  t h e  ' t r u e '  v a lu e ,  a s sum ing  t h a t  no 
r a d L o L s h e l l e d  p o l a r  I m p u r i t i e s  a r e  p r e s e n t .  As t h i s  a s s u m p t io n  can n o t  
be t e s t e d  w i t h  a b s o l u t e  c e r t a i n t y ,  i t  i s  assumed t h a t  t h e  r a d i o l a b e l l e d  
s o l u b i l i t y  v a l u e  i s  a t  l e a s t  a maximum v a l u e .  The e x t r a c t i o n  p r o c e d u r e  
fo l lowed  by gas  c h r o m a t o g r a p h i c  a n a l y s i s ,  t h e r e f o r e ,  h a s  a t  l e a s t  a 9 3 S 
e f f i c i e n c y  (90* e f f i c i e n c y  u s i n g  t h e  m o d i f i e d  s e p a r a t o r y  f u n n e l  
p r o c e d u r e ) .
c .  E r r o r  A n a l y s i s  and D i s c u s s i o n
There i s  f a i r l y  good a g re e m e n t  b e tw e e n  s o l u b i l i t i e s  d e t e r m i n e d  i n  
t h i s  s t u d y  and t h o s e  fo u n d  i n  t h e  l i t e r a t u r e .  This  a#"eem ent  d o e s  not  
g ive  any i n d i c a t i o n  o f  a c c u r a c y ,  b u t  I t  a dds  a deg ree  o r  c o n f i d e n c e  t o  
t h e  data*
S o l u b i l i t y  v a l u e s  were  e s s e n t i a l l y  t h e  same, w he the r  i n c u b a t o r s  o r  
w a te r  b a t h s  were u sed  f o r  t e m p e r a t u r e  c o n t r o l .  The h e a t  c a p a c i t y  of  
t h e  water  w i t h i n  t h e  v e s s e l s  may h a v e  a l l o w e d  th e  v e s s e l  t e m p e r a t u r e a  
t o  remain n e a r  t h e  m id d l e  o f  t h e  t e m p e r a t u r e  o s c i l l a t i o n  o f  t h e  
i n c u b a t o r s .
All samples  i n  which  t h e  m o d i f i e d  s e p a r a t o r y  f u n n e l  e x t r a c t i o n  
p r o c e d u r e  was used g a v e  s l i g h t l y  l o w e r  v a l u e s  than  t h e  i n i t i a l  
e x t r a c t i o n  p r o c e d u r e ,  b u t  t h e  s o u r c e  o f  t h i s  d i f f e r e n c e  I s  unknown.
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- S o l u b i l i t y  v a l u e s  Tor 1- m e t h y l n a p h t h a l e n e  a n d  n - o e t a n e  a t  70°C
a p p e a r  t o  b e  f a i r l y  r e p r o d u c i b l e .  Some o f  t h e  f l u c t u a t i o n s  i n  t h e
v a l u e s  a r e  b e l i e v e d  t o  be c a u s e d  by d i f f i c u l t i e s  In  c o n t r o l l i n g  t h e
w a t e r  b a t h  t e m p e r a t u r e .
Repea t  a n a l y s i s  f o r  a g i v e n  compound u s i n g  t h e  I n i t i a l  e x t r a c t i o n
p r o c e d u r e ,  i n  g e n e r a l ,  g a v e  r e p r o d u c i b l e  r e s u l t s .  T h i s  o b s e r v a t i o n
adds  a m e a s u r e  o r  c o n f i d e n c e  t o  t h e  p r o c e d u r e ,  and  t o  I t s  a c c u r a c y
w i t h i n  a s e t  o f  m i x t u r e  s o l u b i l i t y  m e a s u r e m e n t s .
C o m p a r i s o n  oT t h e  r a d l o l a b l e l l e d  s o l u b i l i t i e s  w i t h  s o l v e n t
e x t r a c t i o n  -  ga3 c h r o m a t o g r a p h i c  a n a l y s i s  s o l u b i l i t i e s  f o r  1 - m e t h y l -
n a p h t h a l e n e  i n d i c a t e  t h a t  t h e  minimum e x t r a c t i o n  e f f i c i e n c y  i s  a b o u t  90
1 4t o  9 3 * .  Tf a s m a l l  amount  o f  C - l a b e l l e d  p o l a r  i m p u r i t y  r a i s e d  t h e  
r a d i o l a b e l l e d  s o l u b i l i t y  s l i g h t l y ,  t h e  e x t r a c t i o n  e f f i c i e n c y  would be 
g r e a t e r .  An e x t r a c t i o n  e f f i c i e n c y  In  t h i s  r a n g e  i s  r e a s o n a b l e  and  i t  
a d d s  a d e g r e e  o f  c o n f i d e n c e  t o  t h e  s o l u b i l i t i e s  d e t e r m i n e d  by s o l v e n t  
e x t r a c t i o n  -  g a s  c h r o m a t o g r a p h y ,
D i f f i c u l t i e s  w ere  e n c o u n t e r e d  d u r i n g  a n a l y s i s  due  t o  i n t e r f e r i n g  
p e a k s .  P o l a r  i m p u r i t i e s  i n  t h e  1- m e t h y l n a p h t h a l e n e  I n t e r f e r e d  w i t h  t h e  
i n t e g r a t i o n  o f  t h e  1- m e t h y l  n a p h t h a l e n e  p e a k .  E l u t i o n  o f  t h e  
T - m e t h y l n a p h t h a l e n e  t h r o u g h  an a c t i v a t e d  s i l i c a  g e l  co lum n e l i m i n a t e d  
t h i s  p r o b le m ,  A s m a l l  peak  i n t e r f e r e d  w i t h  t h e  i n t e g r a t i o n  on 
n - n o n a n e .  T h i s  p rob lem  was s o l v e d  by a l t e r i n g  t h e  ga s  c h r o m a t o g r a p h ’ s
t e m p e r a t u r e  p rog ram  s l i g h t l y .  In  o n e  i n s t a n c e ,  a peak  r e s u l t i n g  f rom
t h e  1- m e t h y l n a p h t h a l e n e  u sed  i n t e r f e r e d  w i t h  n - o c t a n e .  T h i s  p ro b le m  
was s o l v e d  by o b t a i n i n g  a d i f f e r e n t  l o t  o f  1- m e t h y l n a p h t h a l e n e  from t h e  
s u p p l i e r .  S o l u b i l i t y  v a l u e s  c o u l d  h a v e  b e e n  a l t e r e d  5 t o  15* as  a
r e s u l t  of  t h e s e  i n t e r f e r i n g  p e a k s .  I n  some e a s e s ,  t h e  e f f e c t  o f  a 51
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i n c r e a s e  i n  a s o l u b i l i t y  v a l u e  w o u ld  h a v e  s i g n i f i c a n t l y  c h a n g e d  t h e  
c o n c l u s i o n s  d raw n  f r o m  t h e  d a t a .  E v e r y  e f f o r t  was t a k e n  t o  d e t e c t  
p o s s i b l e  I n t e r f e r e n c e s  and  t o  e l i m i n a t e  t h e  e f f e c t  t h e y  w o u l d  h a v e  on  
t h e  r e s u l t i n g  s o l u b i l i t i e s .  I t  i s  n o t e d  t h a t  m o s t ,  i f  n o t  a l l ,  or  
t h e s e  i n t e r f e r i n g  p e a k  p r o b l e m s  c o u l d  h a v e  g o n e  u n n o t i c e d  i f  p a c k e d  
c o lu m n s  were  u s e d  i n s t e a d  o f  g l a s s  c a p i l l a r y  c o l u m n s ,  b e c a u s e  t h e  
i n t e r f e r i n g  p e a k  may n o t  h a v e  b e e n  r e s o l v e d  Trcm t h e  peak  o f  i n t e r e s t .
A b s o l u t e  a c c u r a c y  a p p e a r s  t o  be w i t h i n  a p p r o x i m a t e l y  10* o f  t h e  
v a l u e s  o b t a i n e d  b a s e d  upon  t h e  r a d i o l a b e l l e d  1- m e t h y l n a p h t h a l e n e  
e x p e r i m e n t .  R e l a t i v e  a c c u r a c y  was m o s t  l i k e l y  q u i t e  go o d .
C o e f f i c i e n t s  or  v a r i a t i o n  w e r e  g e n e r a l l y  i n  t h e  r a n g e  of  0 , 5  t o  3*.  
C o n s i d e r i n g  t h a t  t h e  FID r e s p o n s e  on  r e p e a t  i n j e c t i o n s  c a n  y i e l d  a 
c o e f f i c i e n t  o f  v a r i a t i o n  o f  0 , 5 * ,  t h e  r e m a i n i n g  v a r i a t i o n s  a r e  c a u s e d  
by o t h e r  f a c t o r s  s u c h  a s  r e p r o d u c l b i l 1 t y  o f  e x t r a c t i o n  e f f i c i e n c y  an d  
e r r o r s  c a u s e d  by  t h e  a n a l y s t .  A c o e f f i c i e n t  of  v a r l a t o n  i n  t h i s  r a n g e  
i s  c o n s i d e r e d  good a n d  w o u ld  be d i f f i c u l t  t o  r e d u c e  f o r  a  s o l v e n t  
e x t r a c t i o n  -  g a s  e h r o m a t o g r a p h i c  a n a l y s i s  p r o c e d u r e ,
k. W a t e r  S o l u b i l i t y  E x p e r i m e n t s  C o r r e s p o n d i n g  t o  V a p o r  P r e s s u r e  
E x p e r t  m en t s
Thtr r e s u l t s  o f  t h e  w a t e r  s o l u b i l i t y  e x p e r i m e n t s  w h ich  c o r r e s p o n d  
w i t h  t h e  a b o v e  v a p o r  p r e s s u r e  e x p e r i m e n t s  a r e  g i v e n  i n  T a b l e  TV, W a te r  
b a t h s  w e r e  u s e d  f o r  t e m p e r a t u r e  c o n t r o l  i n  t h e s e  e x p e r i m e n t s .
H y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  f rom t h e  
w a t e r  s o l u b i l i t y  d a t a  u s i n g  e q u a t i o n  { 2 ) ,  The e r r o r  ( s t a n d a r d  
d e v i a t i o n )  i n  t h e  v a l u e s  u s e d  i n  t h e  c a l c u l a t i o n s  w e r e  p r o p a g a t e d  t o  
y i e l d  c o n f i d e n c e  l i m i t s  Tor  t h e  c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s .
4*5
TABLE IV. H y d r o c a r b o n  m i x t u r e  water s o l u b i l i t y  r e s u l t s  c o r r e s p o n d i n g  
t d  m i x t u r e s  i n  T a b l e  I I .
S o l u b i l i t y  ( m g / L ,  x ± SD)
M i x t u r e
n - o o t a n e  (A) + 
1- m e t h y l -
n a p h t h a l e n e  
(2 0  C)
n - c c t a n e  (A) +
1- m e t h y l -
n a p h t h a l e n e
(7 0 °C )
t e t r a l i n  (A3 * 
m e t h y l c y c l o -
J iexane  
( 20  C)
Mole F r a c t i o n  A A B
1 .0 0 0 0 0 .0 8 4 ± 0 , 0 1 1 0
0 .8 9 6 1 0 .8 1 3 0 . 0 3 3 7 . 8 6 ± 0 . 1 6
0 . 7 9 6 0 0 , 7 3 6 ± 0 . 0 1 4 1 2 .7 ± 0 , 2
0 . 6 9 6 6 0 , 6 7 0 ± 0 .0 1 4 1 6 , 0 ± 0 . 2
0 . 5 0 3 7 0 .5 9 2 t 0 .0 1 4 2 0 , 8 ± 0 . 4
0 .3 0 3 7 0 .4 3 3 ± 0 , 0 1 0 2 4 . 5 £ 0 . 4
0 . 1 8 5 6 0 . 3 4 5 ± 0 . 0 1 0 2 7 , 0 £ 0 . 3
0 . 0 9 9 0 0 .  224 ± 0 .0 0 4 2S.1 ± 0 . 4
0 . 0 0 0 0 0 3 0 . 2 ± 0 , 3
1 . 0 0 0 0 1 .65 ± 0 . 0 7 1 0
1 .0 0 0 0 1 .69 ± 0 ,0 4 * 0
1 . 0 0 0 0 1 .73 1 0 , 0 6 ^ 0
1 . 0 000 1 .7 9 t ° - 0 2 e f 0
1 . 0 0 0 0 1 .46 t ° - Q3a 0
0 . 8 9 4 5 1 .54 ± ° ' ° 3b 19 ,5 ± ° ' 2 b0 . 7 9 0 6 1 .4 6 £ 0 . 0 7 p 3 2 .9 ± 0 , 5 fi
0 . 6 8 8 1 1 .31 ± 0 . 0 2 ^ 43 .5 ± ° * 3d
0 . 5 0 0 0 1 .20 i ° ^ 2 e r 58 ,4 ± ° ' 3 e
0 . 2 9 4 4 0 . 6 9 0 ± 0 . 0 1 5 ^ 7 6 8 . 9 t 0 . 5 ,1
0 . 2 0 4 0 0 . 5 8 3 i 0 . 0 1 0  ^ 7 4 . 4 ± 0 . 5 yj
0 . 1 0 3 4 0 . 3 4 5 ± 0 . 0 0 9  ’ 7 9 .4 £ ° ' 7 a
0 . 0 0 0 0 0 8 6 . 5 ± U ' b
0 . 0 0 0 0 0 9 0 . 2 t 1 . 1 °fk
0 , 0 0 0 0 0 8 9 . 4 ± l 2 d
0 . 0 0 0 0 0 8 9 , 8 ± ° ’ 3 e0 ,0 0 0 0 0 0 7 . 9 ± 1 . 5 *
1 . 0 0 0 0 42 ,7 £ 0 . 4 0
0 . 8 9 7 6 3 9 .0 t 0 , 2 2 . 2 6 ± 0 . 0 3
0 . 8 0 1 9 3 5 .4 ± 0 . 2 4 .00 ± 0 - 0 8
0 . 6 9 8 5 31 .6 ± 0 . 2 5 .74 ± 0 . 0 5
0 . 5 0 4 3 2 4 , 3 ± 0.1 8 .57 ± 0 , 0 6
0 . 2 9 2 6 1 6 , 1 ± 0.1 1 1 .3 ± 0 , 1
0 . 2 0 1 7 1 1 .9 £ 0 .1 1 2 .4 ± 0 .  1
0 . 0 9 6 6 6 .29 £ 0 , 0 5 13.7 ± 0 . 1
0 . 0 0 0 0 0 15.2 ± 0 , 1
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TABLE IV- C o n t i n u e d .
S o l u b i l i t y  (mg/L,  * t  SD)
M i x t u r e H o l e  F r a c t i o n  A A B
e t h y l  b e n z e n e  fA) 
+ n - o c t a n e
(20°C)
1„0000 
0 ,8 9 7 9  
0 .8009  
0.696** 
0.5021 
0 , 3 0 2 ^  
0 ,2 0 1 8  
0 - 121  3 
0.0000
181  ± 4 
1 63 ± “j 
1^8 ± 2 
137 ± 5 
103 ± 2
0 .  155 ± 0 - 0 0 7  
0 ,  252 ± 0 . 0 0 3  
O, 35*t ± 0-021 
0 ,  1*92 ± 0 . 0 1 8  
0 . 6 3 5  ± 0 . 0 3 3  
0 - 7 2 9  t  0 . 0 2 9  
0 . 8 2 7  ± O.O1J0 
0.9*t9 ± 0 . 0 2 8
0
67 -6  ± 1 . 6  
A0.6 ± 0 , 8
2 9 . 3  ± 0 - 3  
0
a - e  -  v e s s e l s  w e r e  e q u i l i b r a t e d  I n  same w a t e r  b a t h ,  a n d  r e s u l t i n g  
v a l u e s  f rcm  e a c h  s e t  were  u s e d  t o  d e t e r m i n e  c o r r e s p o n d i n g  w a t e r  
s o l u b i l i t y  m ethod  a c t i v i t y  c o e f f i c i e n t  v a l u e s  i n  T a b l e  V.
r  -  new n -n o n an e  i n t e r n a l  s t a n d a r d  s t o c k  s o l u t i o n  was u s e d  w h i c h  may 
a c c o u n t  f o r  l o w e r  v a l u e s ,  h o w e v e r ,  w a t e r  s o l u b i l i t y  c a l c u l a t e d  a c t i v i t y  
c o e f f i c i e n t s  a r e  n o t  a f f e c t e d .
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T h e s e  and  t h e i r  c o r r e s p o n d i n g  s t a t i c  v a p o r  p r e s s u r e  c a l c u l a t e d  a c t i v i t y  
c o e f f i c i e n t s  a r e  g i v e n  I n  T a b l e  V,
T h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  b e tw e en  t h e  v a l u e s
c a l c u l a t e d  by t h e  two m ethods  when t h e  p r e c i s i o n  o f  t h e  w a t e r  
s o l u b i l i t y  d e t e r m i n a t i o n s  i s  t a k e n  i n t o  a c c o u n t .  T h i s  i s  t r u e  even f o r  
t h e  70°C e x p e r i m e n t s  w i t h  1 - m e t h y l n a p h t h a 1e n e  and  n - o c t a n e  m i x t u r e s .
The h y d r o c a r b o n  p h a s e  i n  t h e  TO°C w a te r  s o l u b i l i t y  e x p e r i m e n t s  
c o n t a i n s  a c o n s i d e r a b l e  amount o f  w a t e r .  F i g u r e  5 shows t h e  amount o f  
w a t e r  i n  1 - m e t h y l n a p h t h a l e n e  and  n - o e t a n e  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  
{ baaed  upon t h e  work o f  E g l l n  e t  a l , ,  1965 a n d  Rrady  e t  a l .„ 19B2). 
UtflFAC was u s e d  t o  c a l c u l a t e  h y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f f i c i e n t s  
f o r  a 1- m e t h y l n a p h t h a l e n e  + n - o c t a n e  m i x t u r e  (9i l  m ole  f r a c t i o n  r a t i o ) ,  
w i t h  and  w i t h o u t  w a t e r  p r e s e n t  i n  t h e  h y d r o c a r b o n  p h a s e  a t  70 and 
f5G°C.  F i g u r e  5 a n d  t h e  r e s u l t s  o f  B ra d y  e t  a l ,  <1982? w e r e  used t o  
e s t i m a t e  t h e  w a t e r  c o n t e n t  i n  t h e  h y d r o c a r b o n  p h a s e .  The  UNIFAC 
r e s u l t s  a r e  g i v e n  i n  T a b l e  VI .  The UNIFAC v a l u e s  i n d i c a t e  t h a t ,  f o r  
t h i s  b i n a r y  h y d r o c a r b o n  m i x t u r e  up t o  150°C, t h e  p r e s e n c e  o f  w a te r  i n  
t h e  h y d r o c a r b o n  p h a s e  does h o t  s i g n i f i c a n t l y  a f f e c t  t h e  h y d r o c a r b o n  
p h a s e  a c t i v i t y  c o e f f i c i e n t s .
5^ . 1 - M e t h y l n a p h t h a l e n e . n - Q c t a n e  and E q u l m o l a r  M i x t u r e  W a te r  
S o l u b i l i t i e s  f rom 10 t o  7Q°C
Water  s o l u b i l i t i e s  a s  a f u n c t i o n  oT t e m p e r a t u r e  a r e  g i v e n  in  T a b l e  
VII  f o r  1- m e t h y l n a p h t h a l e n e , n - o c t a n e  and t h e i r  e q u l m o l a r  b i n a r y  
h y d r o c a r b o n  m i x t u r e .  E q u im o la r  a c t i v i t y  c o e f f i c i e n t s  c a l c u l a t e d  from 
t h e  s o l u b i l i t y  d e t e r m i n a t i o n s  a r e  g i v e n  i n  T a b l e  V I I I ,  No s i g n i f i c a n t  
c h a n g e s  i n  t h e  a c t i v i t y  c o e f f i c i e n t s  were  o b s e r v e d  a s  a f u n c t i o n  o f
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TABLE V, A c t i v i t y  c o e f f i c i e n t s  I n  h y d r o c a r b o n  p h a s e  f o r  b i n a r y  h y d r o ’  
c a rb o n  a s  c a l c u l a t e d  frcro s t a t i c  vapor  p r e s s u r e  (v p )  and 
w a t e r  s o l u b i l i t y  ( u s )  m e thods .
Ho le  F r a c t i o n  A vp  VA (h)  wS YA(h)  vp YB(h}  ws TB(h)
c - o c t a n e  (A) + 1 - m e t h y l n a p h t h a l e n e  (B) a t  20.0°C
0.0961 1,01 ( 1 .0 1 )* 1 . 0 3  ± 0, 12 2,41 ( 2 . 39) 2 ,50 ± 0. 15
0 . 7 9 6 0 1 . 0 5  ( 1 . 0 5 ) 1.04  ± 0 .0 6  T.99 ( 1 . 98) 2 ,08 ± 0. 10
0 .6 9 6 6 1.11  ( 1 . 1 0 ) 1 .0 9  ± 0 ,0 7  1.70  ( 1 , 69) 1.74 ± 0 .07
0 ,5 0 3 7 1 .30  < 1 .3 0 ) 1 .3 3  ± 0 ,0 9  1 .3 3  ( 1 . 33> 1,39 ± 0.  00
0 .3 0 3 7 1 .6 9  ( 1 . 6 0 ) 1 .6 ?  ± 0.11  1 , 1 1 ( 1 , 12) 1,16 ± 0 .0 6
0 .1 8 5 6 2 .0 7  ( 2 . 0 7 ) 2 . 1 0  ± 0 .1 7  1 .04  ( i . 04) 1 ,0 5 + 0 ,0 5
0 .0 9 9 0 2 , 4 8  ( 2 , 4 0 ) 2 . 5 5  + 0 . 1 4  1.01 ( 1 . OT) 1,03 ± 0 ,0 5
n - o c t a n e  (A) + 1 - m e t h y l n a p h t h a l e n e  (B) a t  70,0°C
0.891*5 1 .01 1.04 ± 0 .05  2 .11 2.14 + 0 ,04
0 .7 9 0 6 1 .04 1 .09  ± 0 . 0 6  t .7 9 1 .74 + 0 ,0 3
0 .6881 t .09 1 .10  ± 0 .04  1 .56 1 .56 + 0 .0 3
0 ,5 0 0 0 1 .25 1 . 34 ± 0 .03  1 .2 8 1 -30 + 0,01
0 ,2 9 4 4 1 .50 1.60 ± 0 .05  1 . 1 0 1.11 ± 0 .03
0 .2 0 4 0 1 .02 1.96 ± 0 .05  1 . 0 5 1 .06 ± 0 ,0 2
0 .1 0 3 4 2.21 2 .2 7  ± 0 . 0 8  1.01 1 . 0 1 ± 0 .0 2
t e t r a l i n  (A) *■ m e t h y l  eye l o h e x a n e  (B) a t  20 .0°C
0 . 8 9 7 6 1 ,01 1 ,0 2  ± 0 , 0 1  1 .47 1 . 4 5 ± 0 . 0 2
0 ,8 0 0 9 1 ,02 1,04 ± 0.01 1 . 3 6 T - 35 ± 0 , 0 3
0 .6 9 8 5 1 .04 1 .0 6  ± 0 . 0 1  1 .26 1 .25 ± 0 , 0 2
0 .5 0 4 3 1 .12 1 .1 3  ± 0.01 1 .14 1 .14 + 0,01
0 ,2 9 2 6 1 .26 1.29 ± 0.01 1 .05 1 ,05 ± 0,01
0 .2 0 1 7 1 .36 1 .3 6  ± 0 .0 2  1 . 0 3 1 .02 ± 0,01
0 .0 9 6 6 1,52 1 .5 2  ± 0 .0 2  1 .01 1 , 0 0 ± 0.01
e t h y l  benzene (A) + n - o c t a n e  (B) a t  20 .0 °C
0 . 8 9 7 9 1,01 1 .0 0  ± 0 .0 4  1 . 5 5 1 , 6 0 ± 0 . 0 9
0 . 8 0 0 9 1.03 1 .0 2  ± 0 .0 3  1*36 1 .33 ± 0 . 0 5
0 . 6 9 6 4 1.07 l .0 6  t  0 . 0 5  1 .2 4 1 ,23 ± 0 . 0 9
0 .5 0 2 1 1 .16 t .1 3  ± 0 .0 3  T.09 1 ,04 ± 0 . 0 5
0 . 3 0 2 4 T.28 t .2 4  ± 0 .0 4  1 .02 0 .96 ± 0 .0 6
0 .2 0 1  0 l .33 1 .3 4  ± 0 .0 4  1.01 0 .96 ± 0 . 0 5
0* 121 3 1.36 1 *33 ± 0 . 0 3  1 . 0 0 0 .99 ± 0 .0 7
^ V a l u e s  I n  p a r e n t h e s e s  a r e  f rom t h e  m i x t u r e ^  second  v a po r  p r e s s u r e  
e x p e r i m e n t .
b9 5 J  C o n f i d e n c e  l i m i t s  f o r  t h e  mean.
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TEMPERATURE t*C J
F ig u re  5 _ S o l u b i l i t y  o f  w a t e r  In  s i n g l e  h y d r o c a r b o n s ,  l - m e t h y l -  
n r iph thg iene  and n - o c t a n e *  a s  a f u n c t i o n  o f  t e m p e r a t u r e  
Iflrady e t  a l . ,  1982; Engl i n  e t  a l . ,  1965).
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TABLE V I ,  UNIFAC c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  f o r  a 1 - m e t h y l -
n a p h t h a l e n e  (A) * n - o c t a n e  (B) m i x t u r e  ( 9 : 1  m o le  f r a c t i o n  
r a t i o ) ,  w i t h  a n d  w i t h o u t  w a t e r  p r e s e n t  i n  t h e  h y d r o c a r b o n  
p h a s e ,  a t  70 a n d  150 C. W a te r  c o n t e n t  i s  e s t i m a t e d  b a s e d  
upon  t h e  work o f  E g l l n  e t  a l ,  ( 1965 ) and  Brady  e t  a l ,
(1962)  .
T e m p e r a t u r e  H o l e  F r a c t i o n  H^O YA{h) } ^ H ^ 0 ( h )
70°C 0 , 0 1 ?  1 .0 0 9  1 .97  ** 2 3 3 ,6
t50°C
0 . 0 0 0
0 . 0 6 3
0,000
1 , ooa 
1 , 0 2 8  
T , 0 0 0
1 .970  
1 .071
1 .051
6 9 . 5
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TABLE V II*  W a te r  s o l u b i l i t y  o f  n - o e t a n e  fOCT),  t - m e t h y l n a p h t h a l e n e  
CHN) a n d  t h e i r  e q u i m o l a r  m ix tu re  aa  a  r u n e t t o n  o f  
t e n p e r  a t u r e .
S o l u b i l i t y  ( mjT'L; x ± SD)
E q u i m o l a r  M i x t u r e
T e m p e r a t u r e P u r e HN P u r e  OCT PH OCT
1 0 . o ° c ? 5 . a ± 0.  1 0 . 8 3 6  ± 0.007 1 7 . 8 ± 0.  1 0 . 5 7 8 ± n . 0 0 0
8 0 . o ° c 8 0 . 9 ± 0 .  1 0 .8 T 5  + 0.011 1 9 . 5 ± 0.  1 0 . 5 5 3 + 0 .  01 9
3 0 . 0°C 3 5 . 6 ± 0.  8 0 . 8 3 6  ± 0.008 8 3 .  3 ± 0. 8 0 . 5 6 0 ± 0.01  3
^O.C°C 1.8.6 ± 0 . 3 0 .8 7 6  ± 0.006 8 7 . 9 ± 0.  1 0 . 5 5 9 ± 0 .  01 0
5 C . 0 ° C 5 3 . 7 ± 0 . 5 l . 0 7  ± O.01 35 .  1 ± 0 .3 0 . 6 8 5 ± 0 . 0 0 5
6 0 . o ° c 6 e . a + 0 . 8 t . 3 0  ± O.O? 1.1..7 ± 0 . 8 0 . S 6 5 ± 0 . 0 8 8
7 0 . o ° c 0 9 . 8 + 0 . 3 1 .7 9  ± 0 . 0 ? 5 8 .  U ± 0 .3 1 . 8 0 ± 0 . 0 8
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TABUJ v r i l .  H y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f T i c i e n t a  aa a f u n c t i o n  o f  
t e m p e r a t u r e  f o r  an  e q u l m o l a r  i r - o c t a n e  (A) + 1 - m e t h y l -  
n a p h t h a l e n e  (B) m i x t u r e  c a l c u l a t e d  f rom w a t e r  s o l  a b i l i t y
T e m p e r a t u r e
me as u r e m e n t s .
YA<h>f * 95 t  CL) YB ( h ) U 95 % CL)
10 ,0 °C 1.37 t 0 , 0 2 1 .3 3 i 0,01
2 0 ,0 °C 1.36 ± 0 . 0 5  ( 1 . 3 ? > a 1 ,34 + o . o i  M . 3 i )
30 .0°C 1 .34 ± 0 .04 1,31 ± 0 .01
1|0,C°C 1 .28 ± 0 . 0 3 1*31 ± 0 .01
5 0 . 0 ° c 1 .28 ± 0 , 0 2 1 . 30 + 0 ,0 2
60 .0 °C 1 .36 ± 0 . 0 4 1 . 30 ± 0 .0 2
7 0 . 0°C 1. 3^ ± 0 , 0 4  ( 1 , 3 5 ) 1, 30 + 0 .0 1  ( 1 . 2 8 )
V a l u e s  i n  p a r e n t h e s e s  a r e  a c t i v i t y  c o e f f i c i e n t s  c a l c u l a t e d  f rom v a p o r  
p r e s s u r e  d a t a .
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t e m p e r a t u r e .  The v a p o r  p r e s s u r e  d e r i v e d  a c t i v i t y  c o e f f i c i e n t s  d id
d e c r e a s e  s l i g h t l y  w i t h  t e m p e r a t u r e  b u t  t h i s  c h a n g e  was n o t  en o u g h  t o  be
d e t e c t e d  by t h e  w a t e r  s o l u b i l i t y  m e t h o d .
T h e  s o l u b i l i t i e s  g e n e r a l l y  I n c r e a s e  as  a f u n c t i o n  o f  t e m p e r a t u r e .  
The s o l u b i l i t y  o f  n - o o t a n e ,  h o w e v e r ,  d e c r e a s e d  f rom 10 t o  20°C .  Pure
1- m e t h y l  n a p h t h a l e n e  and  p u r e  n - o c t a n e  s o l u b i l i t i e s  (10 t o  6 0 °C )  i n  
T a b l e  V I I  w e r e  c o n v e r t e d  t o  AG® v a l u e s .  P o l y n o m i a l  r e g r e s s i o n s  were1 | fl
r u n  on  t h e  two  s e t s  o f  AG® v a l u e s .  The r e s u l t i n g  p o l y n o m i a l s  were :
3 . i  9
T - m e t h y l -
n a p h t h a l e n e :  AC® (kJ  m o l ” ) - - 3 0 . 7 7  + 0 . 3 5 2 7 ( T )  -  4 , 9 0 5  x 10 (T)i , s
h“ CCtane :  
.O
AG® (kJ  m a r 1 ) - - 3 0 . 4 4  + 0 . 6 7 8 0 ( T )  -  9 . 2 6 2  x i t s
The AC f u n c t i o n s  In  c o n j u n c t i o n  w i t h  e q u a t i o n s  (20 )  a n d  (21)  wereL p a
u s e d  t o  c a l c u l a t e d  AG® , AH® and AS? v a l u e s  a t  25°C ,  w h i c h  a r e1 ps  1 i a 1 j 3
l i s t e d  b e lo w  a l o n g  w i t h  l i t e r a t u r e  v a l u e s .
AC® (kJ mol” 1 ) 
 1
n - o c t a n e :
39 .  4
3 7 . 7
1 - m e t h y l  n a p h t h a l  e ne i
3 0 .8
3 0 . 9
AH® ( k J  mol 1 )
 L ____________
1 . 9
1 . 7
TAS® ( k J  m o l ' 1 )
 UM_____________
- 3 7 . 5  
- 3 6 . 1
1 2 ,3  
22 ,4
- 1 0 . 0
- a . 5
fief er  en ce
T h i s  Work
N e l s o n  and 
De L igny
( I 9 6 0 )
T h i s  Work
C a l c u l a t e d  
from S c h w a r a
(1977 >
T h e r e  i s  f a i r l y  good  a g r e e m e n t  I n  t h e  n - o c t a n e  v a l u e s  a n d  some 
d i s c r e p a n c i e s  w i t h i n  t h e  T - m e t h y l n a p h t h a l e n e  v a l u e s .  L i m i t e d  
I n f o r m a t i o n  o n  s o l u t i o n  p r o c e s s e s  c a n  be  g a i n e d  f rom  s t a n d a r d  s t a t e  
t h e r m o d y n a m i c  p a r a m e t e r s .  Some s t a t e m e n t s  m ig h t  b e  made f ro m
b z
c a n p a r i s o n  o f  t h e  v a l u e s  o f  many d i f f e r e n t  c o m p o u n d s ,  a n d  t h o s e  
s t a t e m e n t s  m ig h t  be  o f  l i m i t e d  u t i l i t y *
T he  d e c r e a s e  i n  t h e  s o l u b i l i t y  of  n - o c t a n e  f rom  10 t o  ? 0 °C was 
a l s o  o b s e r v e d  by N e l s o n  a n d  He L l g n y  (1968)  f rom  5 t o  25°C .  A s i m i l a r  
d e c r e a s e  i n  s o l u b i l i t y  was o b s e r v e d  by W h i t e h o u s e  f o r
T , ? " b e n z a n t h r a c e n e  f rom  i) t o  12°C,  D e c r e a s i n g  s o l u b i l i t y  w i t h  
i n c r e a s i n g  t e m p e r a t u r e  i s  a c u r i o u s  f e a t u r e  s i n c e  a l m o s t  a l l  o t h e r  
h y d r o c a r b o n s  a p p e a r  t o  i n c r e a s e  s o l u b i l i t y  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
I f  t h e  s o l u b i l i t y  d e c r e a s e s  w i t h  I n c r e a s i n g  t s n p e r a t u r e  t h e n  t h e  
d i s s o l u t i o n  p r o c e s s  m u s t  b e  e x o t h e r m i c *  At  h i g h e r  t e m p e r a t u r e s  t h e  
h e a t  o f  s o l u t i o n  may c h a n g e  and  e n t r o p y  e f f e c t s  may become i m p o r t a n t .
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6,  Summary
T h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  y j ^ j  v a l u e s  c a l c u l a t e d  
by t h e  s t a t i c  v a p o r  p r e s s u r e  method  a n d  Tj ^ h j v a l u e s  d e t e r m i n e d  by 
w a t e r  s o l u b i l i t y  m e a s u r e m e n t s  and  e q u a t i o n  ( 2 ) .  T h i s  I n d i c a t e s  t h a t  
YU h )  v a * Lte3 a r e  s u f f i c i e n t  t o  e x p l a i n  t h e  p o s i t i v e  d e v i a t i o n s  i n  
s o l u b i l i t y  a n d  t h a t  Yj ( y ) e q u a l s  Y° ( y  ^ w i t h i n  t h e  p r e c i s i o n  o f  w a t e r  
S o l u b i l i t y  m e s s u r e m e n t s * T h i s  c o n c l u s i o n  i s  a  c l e a r  c o n t r a d i c t i o n  t o  
t h e  c o n c l u s i o n s  drawn by L e i n o n e n  and  Mackay (1973 5 and  L e i n o n e n  
( I 9 7 6 ) t b u t  i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  G r e e n  a n d  F r a n k  f t 9 7 9 ) .  
E q u a t i o n  ( 2 ) i s  a d e q u a t e  f o r  e x p l a i n i n g  t h e  w a t e r  s o l u b i l i t y  o f  b i n a r y  
h y d r o c a r b o n  m i x t u r e s .
A c t i v i t y  c o e f f i c i e n t s  do n o t  c h a n g e  much a s  a  f u n c t i o n  o f  
t e m p e r a t u r e  a a  s e e n  I n  t h e  e q u i m o l a r  1 - m e t h y l n a p h t h a l e n e  + n - o c t a n e  
s o l u b i l i t y  r e s u l t s .  W a te r  i n  t h e  h y d r o c a r b o n  p h a s e  a t  70°C d o e s  n o t  
a p p e a r  t o  a f f e c t  t h e  a c t i v i t y  c o e f f i c i e n t  v a l u e s .  UNIFAC c a l c u l a t i o n s  
u s i n g  d a t a  on  t h e  s o l u b i l i t y  o f  w a t e r  i n  t h e  h y d r o c a r b o n  p h a s e  s u g g e s t s  
t h a t  t h e  p r e s e n c e  o f  w a t e r  i n  a 1- m e t h y l n a p h t h a l e n e  + n - o c t a n e  b i n a r y  
m i x t u r e  does  n o t  s i g n i f i c a n t l y  a f f e c t  h y d r o c a r b o n  p h a s e  a c t i v i t y  
c o e f f i c i e n t s  f r o m  70 t o  150°C .  The p r e s e n c e  o f  a s i g n i f i c a n t  amount  o f  
w a te r  i n  t h e  h y d r o c a r b o n  p h a s e  may a f f e c t  t h e  v a l i d i t y  o f  t h e  f i r s t  
a s s u m p t i o n  l e a d i n g  t o  e q u a t i o n  (2)  ( i . e . ,  b o t h
u n i t y ) .  At T50°C.  w o u l d  be  a p p r o x i m a t e l y  0 . 9 k  a n d  w o u ld  be
a p p r o x i m a t e l y  1 . 0 3  f o r  1 - m e t h y l n a p h t h a  1 e n e .  a n d  ^ i ( h )
p a r t i a l l y  o f f s e t  e a c h  o t h e r  i n  t e r m s  o f  t h e i r  r e s u l t i n g  a r f e c t  on
*1 (w) 1
H y d r o c a r b o n  w a t e r  s o l u b i l i t y  g e n e r a l l y  i n c r e a s e s  as  a  f u n c t i o n  o f  
t e m p e r a t u r e .  D e c r e a s i n g  s o l u b i l i t y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  f o r
5 4
n - o e t a n e  i n  t h e  10 t o  £0°C r a n g e  i n d i c a t e s  t h a t  I t  i s  an  e x o t h e r m i c  
p r o c e s s  I n  t h a t  t e m p e r a t u r e  r a n g e .  L i t t l e  i n f o r m a t i o n  on  t h e  s o l u t i o n  
p r o c e s s  i s  g a i n e d  f r o m  t h e  c a l c u l a t e d  s t a n d a r d  s t a t e  t h e r m o d y n a m i c  
p a r a m e t e r  v a l u e s .
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ADDITIONAL SYSTEM STUDIES
A d d i t i o n a l  h y d r o c a r b o n  m ix tu re  * w a t e r  s y s t e m s  w e r e  examined  t o  
p r o v i d e  f u r t h e r  i n s i g h t  i n t o  t h e  aqueous s o l u t i o n  b e h a v i o r  of  
h y d r o c a r b o n  f u e l s .  Arom at ic  + a l i p h a t i c  b i n a r y  h y d r o c a r b o n  m i x t u r e s  
were s e l e c t e d  t o  be r e p r e s e n t a t i v e  o f  more complex  m i x t u r e s  w h i l e  b e i n g  
more s i m p l e  t o  a n a l y z e  and  i n t e r p r e t .  The s o l u b i l i t y  o f  two T?- 
component  s i m u l a t e d  J e t  f u e l  m ix tu re s  w e r e  e xa m ined  t o  more c l o s e l y  
a p p r o x i m a t e  t h e  a c t u a l  f u e l s .  Methods f o r  p r e d i c t i n g  t h e  s i m u l a t e d  J e t  
f u e l  m i x t u r e  s o l u b i l i t i e s  were  i n v e s t i g a t e d .  The s o l u b i l i t y  of  a 
b i n a r y  h y d r o c a r b o n  m i x t u r e  In  the  p r e s e n c e  o f  d i s s o l v e d  s a l t s  and 
d i s s o l v e d  o r g a n i c  m a t e r i a l  was de te rm in e d  t o  a s s e s s  t h e  e f f e c t  of t h e a e  
d i s s o l v e d  m a t e r i a l s  on t h e  e q u i l i b r i u m  a q u e o u s  s o l u b i l i t y  oT Liquid! 
h y d r o c a r b o n  m i x t u r e s ,
1. A d d i t i o n a l  S o l u b i l i t i e s  of  B inary  H y d r o c a r b o n  M i x t u r e s
a .  S o l u b i l i t y  E x p e r im e n t s  Examining a  F u l l  Range o f  M i x t u r e  
Cai iposl  t l o n s
The w a t e r  s o l u b i l i t i e s  over  a f u l l  r a n g e  o f  m i x t u r e  c o m p o s i t i o n s  
( a p p r o x i m a t e  mole  f r a c t i o n  r a t i o s  of 1 :9 ,  1 : 3 i  1 j 1, 3 i f  and 9 : T )  a r e  
d e t e r m i n e d  f o r  t h e  f o i l  owl rg  b in a ry  h y d r o c a r b o n  m i x t u r e s :
1 ^methyl  n a p h t h a l  ene + 1, A-d imethy l  n a p h t h a l e n e ?  1 - m e t h y l n a p h t h a l e n e  +■ 
n a p h t h a l e n e ;  1- m e t h y l n a p h t h a l e n e  + m e t h y l c y c l o h e x a n e j  n - o c t a n e *  
m e t h y l c y c l o h e x a n e ;  n - o c t a n e  * l - m e t h y l n a p h t h a l e n e  [ r e p l i c a t i o n  of  t h i s  
b i n a r y  m i x t u r e  i s  r e p o r t e d  a b o v e ); n - o c t a n e  + n a p h t h a l e n e  and  n - o c t a n e  
+ l , A - d i m e t h y l n a p h t h a l e n e .  I n c u b a t o r s  w e r e  u se d  f o r  t h e s e  s o l u b i l i t y
e x p e r im e n t s  o n l y .  The 97% 1- m e t h y l n a p h t h a l e n e  was u se d  o n l y  f o r  t h e s e  
e x p e r i m e n t s ,  9 9 f  p u r i t y  was l o c a t e d  a f t e r  t h e s e  e x p e r i m e n t s  were 
c onduc te d .
The h y p o t h e t i c a l  s u p e r c o o l e d  l i q u i d  s o l u b i l i t y  f o r  p u r e  
n a p h t h a l e n e  was c a l c u l a t e d  u s i n g  h e a t  c a p a c i t y  and h e a t  o f  f u s i o n  d a t a  
I n  American P e t r o l e u m  I n s t i t u t e  P u b l i c a t i o n  7^7 (1973)  by a method 
d e s c r i b e d  by H i l d e b r a n d  e t  a l . (19701,  M i x t u r e s  w i t h o u t  a s o l i d  p h a s e  
( p r e d o m in a n t l y  n a p h t h a l e n e )  w e r e  examined  e x c l u s i v e l y .
E q u i l i b r i u m  w a t e r  s o l u b i l i t y  r e s u l t s  a r e  shown I n  F i g u r e s  6 
t h ro u g h  12. The h o r i z o n t a l  a x i s  i n  each  c o r r e s p o n d s  t o  t h e  mole 
f r a c t i o n  o f  one  component i n  t h e  b i n a r y  m i x t u r e ,  and t h e  two v e r t i c a l  
a x e s  in  each c o r r e s p o n d  t o  a que ous  p h a s e  c o n c e n t r a t i o n s .  The s t r a i g h t  
l i n e s  have i n t e r c e p t s  g i v i n g  t h e  measured  p u r e  component s o l u b i l i t i e s ,  
and r e p r e s e n t  i d e a l  s o l u t i o n  b e h a v i o r .  Curves  a r e  drawn t h r o u g h  t h e  
means of t h e  m i x t u r e  s o l u b i l i t i e s  u s i n g  a c u b i c  s p l i n e  c u r v e  f i t t i n g  
r o u t i n e .  C o n c e n t r a t i o n  r a n g e s  (x ± 1 SD} a r e  r e p r e s e n t e d  by t h e  
e r r o r  b a r s .
Assumptions  of  I d e a l  s o l u t i o n  b e h a v i o r  ho ld  w e l l  when p r e d i c t i n g  
aqueous  c o n c e n t r a t i o n s  r e s u l t i n g  from e q u i  11 bi a t l o n  w i t h  b i n a r y  
m ix t u r e s  c o n t a i n i n g  compounds t h a t  a r e  s t r u c t u r a l l y  s i m i l a r  U , e , ,  
n - o c t a n e  * m e t h y l c y c l o h e x a n e ,  1 - m e t h y l n a p h t h a l e n e  + n a p h t h a l e n e  and 
1 -methy l  n a p h th a  l e n e  + 1 , i i-di  m e th y l  n a p h t h a l  e n e ) ,  S i g n i f i c a n t  d e v i a t i o n s  
from i d e a l i t y  o c c u r  when t h e  two  compounds d i f f e r  s t r u c t u r a l l y  ( i . e . ,  
t h e  a l i p h a t i c  * a r o m a t i c  p a i r s :  1 - m e t h y l n a p h t h a  1ene  ♦ n - o c t a n e ,
1 - m e t h y l n a p h t h a l e n e  + m e t h y l c y c l o h e x a n e ,  n - o c t a n e  + 1 , 4 - 'H m e th y l -  
n a p h t h a l e n e  and n - o c t a n e  ■* n a p h t h a l e n e ) .  The g r e a t e s t  d e v i a t i o n s  from 
i d e a l  s o l u t i o n  b e h a v i o r  e x i s t  w i t h  t h e  1- m e t h y l n a p h t h a l e n e  *■ n - o c t a n e
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F i g u r e  6 .  Water  s o l u b i l i t y  r e s u l t s  For n - o c t a n e  + l - m e t h y l n a p h t h a -  
l e n e  s y s t e m .  S o l i d  and d a s h e d  l i n e s  c o r r e s p o n d  to  t h e  
l e f t  and r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  c o n c e n t r a t i o n  
□re mg/L,
u •U
LlJ
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F i g u r e  7. Water  s o l u b i l i t y  r e s u l t s  f o r  m e t h y l c y c l o h e x a n e  +■ l - m e t h y l -  
n a p h t h a l e n e  s y s t e m .  S o l i d  and d a shed  l i n e s  c o r r e s p o n d  t o  
t h e  l e f t  and r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  
c o n c e n t r a t i o n  a r e  mg/L.
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F i g u r e  8 .  W a t e r  s o l u b i l i t y  r e s u l t s  f o r  1 , A - d i m e t h y l n a p h t h a l e n e  +
n - o c t a n e  s y s t e m .  S o l i d  a n d  d a s h e d  l i n e s  c o r r e s p o n d  t o  the  
l e f t  a n d  r i g h t  a x e s f r e s p e c t i v e l y .  U n i t s  o f  c o n c e n t r a t i o n  
a r e  m g / L ,
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F i g u r e  9 ,  Wate r  s o l u b i l i t y  r e s u l t s  f o r  n a p h t h a l e n e  -l- n - o c t a n e
s y s t e m .  S o l i d  and dashed l i n e s  c o r r e s p o n d  t o  t h e  l e f t  
and r L g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  o f  c o n c e n t r a t i o n  
a r e  cng/L.
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F i g u r e  10. W a te r  s o l u b i l i t y  r e s u l t s  f o r  T n e t h y l c y d o h e x a n e  + n - o c t a n e  
s y s t e m .  S o l i d  and  d a s h e d  l i n e s  c o r r e s p o n d  t o  t h e  l e f t  
and  r i g h t  a x e s ,  r e s p e c t i v e l y .  U n i t s  of  c o n c e n t r a t i o n  
a t e  uig/L.
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M OL E F R A C T I O N  I - M E T M t L  N APH T H A t E N E
F i g u r e  11. W a te r  s o l u b i l i t y  r e s u l t s  For  1 , 4 - d i T n e t h y l n a p h t h a l e n e  +■ 
l - m e t h y l n a p h t l i a l e n e  s y s t e m .  S o l i d  and  d a s h e d  l i n e s  
c o r r e s p o n d  t o  t h e  l e f t  a n d  r i g h t  a x e s ,  r e s p e c t i v e l y .  
U n i t e  oE c o n c e n t r a t i o n  a r e  mg/L .
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12. W a te r  s o l u b i l i t y  r e s u l t s  f o r  n a p h t h a l e n e  + t - m e t h y l -
t i a p h t h a l e n e  s y s t e m .  S o l i d  and d a s h e d  l i n e s  c o r r e s p o n d  t o  
l e f t  and  r i g h t  a x e s ,  r e s p e c t i v e l y ,  U n i t s  o f  
c o n c e n t r a t i o n  a r e  mg/L*
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b i n a r y  m i x t u r e s .  1- M e t h y l n a p h t h a l e n e  + n - o c t a n e  r e s u l t s  o b t a i n e d  u s i n g
I n c u b a t o r s  a g r e e  w e l l  w i t h  t h e  r e s u l t s  u s i n g  t h e  w a t e r  b a t h  g i v e n  i n
T a b l e  IV,
b .  S o l u b i l i t y  E x p e r i m e n t s  E x a m i n i n g  a n  A b b r e v i a t e d  Range  o r  
C qnpos t  t l o n e  For  1 - M e t h y l n a p h t h a l e n e  * n - f l l k a n e  M i x t u r e s  
The w a t e r  s o l u b i l i t i e s  of  1- m e t h y l n a p h t h a l e n e  + n - a l k a n e  b i n a r y  
m i x t u r e s  ( a p p r o x i m a t e  m o le  f r a c t i o n  r a t i o s  o f  I s '} ,  1:4 a n d  3=7) w e r e  
m e a s u r e d  t o  e x a m i n e  t h e  r o l e  of  m o l e c u l a r  s t r u c t u r e  i n  d e t e r m i n i n g  t h e  
e x t e n t  o r  n o n - i d e a l  s o l u t i o n  b e h a v i o r .  The low a r o m a t i c  m o l e  f r a c t i o n  
p o r t i o n  o r  t h e  t o t a l  c o m p o s i t i o n  r a n g e  was s e l e c t e d  s i n c e  I t  
e n c o m p a s s e d  t h e  a r o m a t i c / a l i p h a t i c  r a t i o  e n c o u n t e r e d  i n  m o a t  p e t r o l e u m -  
b a s e d  f u e l s .  The r e s u l t s  o f  t h i s  s e r i e s  o f  e x p e r i m e n t s  a r e  shown i n  
F i g u r e  13 p and  a r e  g i v e n  as  t h e  o b s e r v e d  t - m e t h y l  n a p h t h a l e n e  s o l u b i l i t y  
d i v i d e d  by t h e  i d e a l  1- m e t h y l  n a p h t h a l e n e  s o l u b i l i t y  ( i . e . ,  
v a l u e s ) .
The  1- m e t h y l n a p h t h a l e n e  + n - a l k a n e  b i n a r y  p a i r  s o l u b i l i t i e s  s how  a
c o n t i n u o u s  t r e n d  t o w a r d s  i d e a l i t y  a s  t h e  n - a l k a n e  c h a i n  l e n g t h
i n c r e a s e s ,  A s i m i l a r  t r e n d  a p p e a r s  t o  b e  p r e s e n t  f o r  b e n z e n e  +■ n -
a l k a n e  m i x t u r e s  ( s e e  F i g u r e  14} b a s e d  u p o n  v a p o r - l i q u i d  e q u i l i b r i a  d a t a
f o u n d  I n  t h e  l i t e r a t u r e  (Sm i th  and R o b i n s o n *  1970;  J a i n *  G u p ta  a n d
L a r k ,  1 9 7 0 :  H a r r i s  a n d  Dunlop ,  1970? J a i n ,  G u p t a  a n d  L a r k ,  1 973 ; J a i n
and  L a r k ,  197 3 ) .  The b e n z en e  + n - h e p t a n e  r e s u l t s  o f  J a i n ,  G u p t a  an d
L a r k  ( 1 9 7 3 )  a r e  i n c o n s i s t e n t  w i th  t h e  r e s t  o f  t h e  d a t a  i n  F i g u r e  14 and
E
may be  I n  e r r o r .  I t  a p p e a r s  t h a t ,  f o r  a r o m a t i c  + n - o l k a n e  s y s t e m s ,  G 
d e c r e a s e s  a s  t h e  n - a l k a n e  c h a in  l e n g t h  i n c r e a s e s ,  i f ,  h o w e v e r ,  
i n c r e a s e s  f o r  t h e s e  t y p e s  o f  a y s t s n s  as  t h e  n - a l k a n e  e h a i n - l e n g t h
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M O L t  FRACTION IN h - * L t ( A N E
Fl f tu re  1 3 . Q u o t i e n t s  o f  t - r a e t h y l n a p h t h a l e n e ( M N )  s o l u b i l i t i e s  o v e r  
t h e i r  i d e a l  s o l u b i l i t i e s  f o r  u  a e r i e s  o f  MN +■ n - a l k a n e  
b i n a r y  m i x t u r e s .  E r r o r  b a r s  r e p r e s e n t  901  c o n f i d e n c e  
l i m i t s  f o r  t h e  mean.
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F i g u r e  14, Benzene a c t i v i t y  c o e f f i c i e n t  v a l u e s  f o r  b e n z e n e  + n - a l k a n e  
s y s te m s  a t  25°C o b t a i n e d  from t h e  l i t e r a t u r e .
64
i n c r e a s e s  {Diaz  Pena and Menduina,  1 9 7 t ) ,  The d e c r e a s e  i n  t h u s
E Ea p p e a r s  t o  be due  t o  an  i n c r e a s e  In  S ♦ I n c r e a s i n g  S w i t h  i n c r e a s i n g  
c h a i n - 1  e n g t h  may be due t o  more p o s s i b l e  c o n f i g u r a t i o n s  f o r  t h e  l o n g e r  
c h a i n - i e n g t h  r r a l k a n e s .
e .  S o l u b i l i t y  E x p e r im e n t s  Examining a n  A b b r e v i a t e d  Flange of  
C o m o o a i t io n a  f o r  A ro m at i c  + n - O c ta n e  M ix t u r e s  
The w a t e r  s o l u b i l i t i e s  of  a r o m a t i c  + n - o c t a n e  b i n a r y  m i x t u r e s  
( a p p r o x i m a t e  mole  f r a c t i o n  r a t i o s  of 1 ! ? r 1 and 3 ^ 7 )  w e r e  d e t e r m i n e d  
t o  f u r t h e r  examine  t h e  e f f e c t  o r  s t r u c t u r e  on t h e  e x t e n t  o f  n o n - i d e a l  
b e h a v i o r .  The  low a r o m a t i c  mole  f r a c t i o n  r a n g e  was c hosen  s i n c e  i t  
e n c o m p a s s e s  t h e  a r c m a t l c ^ a l  1 p h a t l c  r a t i o  o f  most p e t r e l e u r n - b a s e d  f u e l s .  
T he  r e s u l t s  a r e  shown i n  F i g u r e  and a r e  g iv e n  as  t h e  o b s e r v e d
a r o m a t i c  s o l u b i l i t y  d i v i d e d  by t h e  i d e a l  a r o m a t i c  s o l u b i l i t y  ( i . e . ,  
^ i ( h )  valLtes  f®** a r o m a t i c  c o m p o n e n t s ) .  The s o l u b i l i t i e s  oT th e
S i n g l e  h y d r o c a r b o n s  a r e  g i v e n  i n  Tab le  It i n  t h e  n e x t  s e c t i o n ,  e x c e p t  
f o r  t h o s e  o f  p h e n y lo y e l o h e x a n e  and n - h e x y l b e n z e n e  w h ich  a r e  g i v e n  I n  
T a b l e  m .
The b i n a r y  h y d r o c a r b o n  m i x t u r e s  c o n t a i n i n g  n a p h t h a l e n e s  have 
s i g n i f i c a n t l y  g r e a t e r  n o n - i d e a l  s o l u b i l i t y  b e h a v i o r  t h a n  t h o s e  
c o n t a i n i n g  b e n z e n e s .  I t  a p p e a r s  t h a t  t h e  g r e a t e r  t h e  a l i p h a t i c  p o r t i o n  
of  t h e  n a p h t h a l e n e s ,  t h e  more  I d e a l  i s  t h e  b e h a v i o r .  T h i s  t r e n d  i a  no t  
c o m p l e t e l y  a d h e r e d  t o  w i t h  t h e  benzenes  examined .
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Ftf iure  15. Q u o t i e n t s  o f  o b s e r v e d  a r o m a t i c  component s o l u b i l i t i e s  o v e r  
t h e i r  I d e a l  s o l u b i l i t i e s  f o r  a  s e r i e s  o f  n r u m a t i c  +■ 
n - o c t a n e  b i n a r y  m i x t u r e s .  E r r o r  b a r a  r e p r e s e n t  t h e  501 
c o n f i d e n c e  l i m i t s  f o r  t h e  mean .  The i n t e r s e c t i o n s  o f  t h e  
s o l i d  and v e r t i c a l  dashed  l i n e s  o r e  u s e d  In t h e  g r a p h i c a l  
method f o r  p r e d i c t i n g  m u l t i c o m p o n e n t  m i x t u r e  Y w ^ j  v a l u e s  
as  d e s c r i b e d  l a t e r  In t h e  t e x t .
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2. S o l u b i l i t i e s  o f  12-Canpongr i t  S i m u l a t e d  J e t  F u e l s
The com ponen t s  and c o m p o s i t i o n s  o f  t h e  12-com ponen t  s i m u l a t e d  
and  J P - 8  J e t  f u e l  m i x t u r e s  w e r e  s e l e c t e d  t o  be  r e p r e s e n t a t i v e  o f  a c t u a l  
.JP"4 a n d  J P - 6  J e t  f u e l s .  The c o m p o s t t i o n s  o f  the  s i m u l a t e d  J e t  f u e l s  
a r e  g i v e n  i n  T a b l e  IX ,  The s i n g l e  compound w a t e r  s o l u b i l i t i e s  a t  2 0 °C 
a r e  g i v e r  I n  T a b l e  X, The w a t e r  s o l u b i l i t i e s  a t  20°C of  t h e  a n a l y z a b l e  
components  o f  JP-*t a n d  J P - 0  s i m u l a t e d  j e t  f u e l s  a r e  g i v e n  i n  T a b l e  XI. 
The s i m u l a t e d  J e t  f u e l s  had a  c o n s i d e r a b l e  amount o f  p o l a r  i m p u r i t i e s .  
The e f f e c t  o r  t h e s e  i m p u r i t i e s  on  t h e  a n a l y s i s  of  t h e  component s  of 
I n t e r e s t  I s  n o t  known. Some o f  t h e  component  s o l u b i l i t i e s  may be 
s l i g h t l y  i n  e r r o r  (by a s  much a s  5 t o  1 0 J ) .  C o n s i d e r i n g  t h e  complex 
n a t u r e  o r  t h e s e  s y s t e m s ,  t h i s  was c o n s i d e r e d  t o  be r e a s o n a b l y  good .  
D e t e r m i n a t i o n  o f  t h e  s o l u b i l i t y  of  an a c t u a l  f u e l  w ou ld  have b e e n  f a r  
more d i f f i c u l t .
3 .  Methods  f o r  P r e d i c t i n g  t h e  S o l u b i l i t y  o f  L i q u i d  H y d ro c a rb o n  M i x t u r e s
The r e s u l t s  o f  t h e  s i m u l a t e d  J e t  f u e l  m i x t u r e  s o l u b i l i t y
e x p e r i m e n t s  were  u s e d  t o  t e s t  f o u r  m e t h o d s  Tor p r e d i c t i n g  t h e
s o l u b i l i t y  o r  l i q u i d  h y d r o c a r b o n  m i x t u r e s .  The c o n d i t i o n s  f o r  
p r e d i c t i n g  t h e  s o l u b i l i t y  o f  1 2 - co m p o n e n t  m i x t u r e s  a r e  t h e  same a s  Tor 
b i n a r y  m i x t u r e s :  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  m u s t  be known,  t h e  
s i n g l e  compound s o l u b i l i t i e s  must  be known f o r  t h o s e  components  which
a r e  d i s s o l v e d  i n  a n a l y z a b l e  q u a n t i t i e s  and  t h e  must  be known or
p r e d i c t e d .  H yd ro c a rb o n  p h a s e  c o m p o s i t i o n  an d  s i n g l e  compound 
s o l u b i l i t i e s  a r e  r e l a t i v e l y  e a s y  t o  o b t a i n .  H ydro c a rb o n  p h a s e  a c t i v i t y  
c o e f f i c i e n t s  f o r  m u l t i  can p a n e n t  m i x t u r e s  a r e  more d i f f i c u l t  t o  o b t a i n  
o r  p r e d i c t .
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TABU] IX.  Com poH i t lons  o f  t h e  12 -ccm ponen t  s i m u l a t e d  J e t  r u e l  
ml H t u r e 3 .
Ocmpo c e n t Weight  P e r c e n t  Mole F r a c t i o n
S i m u l a t e d  J P - 4  
t o l u e n e  
e t h y l  b e nz ene  
n - b u t y l b e n z e n e  
t e t r a l l n
1-methyl  n a p h t h a l e n e
1, 4 - d i  met hy l  naph t  ha 1 ene
methy l  cyc lohe icane
n - o c t a n e
n - d ec a n e
n - u n d e c a n e
n - d o d e c a n e
n ~ t r l  d e c a n e
3-05
3 .90  
3-99 
2 ,96
2.91 
3-13
15,99  
16,04 
15 ,03  
12 ,39  
10,71 
9 ,90
0 ,04311  
0 .0 4 7 0 5  
0 .0 3 0 7 9  
0 .0 2 9 2 2  
0 .0 2 6 6 6  
0 .0 2 6 1 3  
0 .  21 23  
0 . 1&30 
0 .1 3 7 7  
0 .1 0 3 3  
0 .0 0 1 9 2  
0 .0 6 9 9 6
S i m u l a t e d  J P - 8
n - b u t y l b e n z e n e
1 13 ,5~ t  r l e t h y l  ben zene
t e t r a l i n
t-m e t h y l n a p h t h a l e n e
1 , 4 - d i m e t h y l  n a p h t h a l e n e
2 - e t h y l n a p h t h a i  ene
n - d e c a n e
n-  unde cane
n - d o d e c a n e
n - t r l  d e c a n e
n ^ t e t r a d e c a n e
n - p e n t a d e c a n e
3 .08
4 .05  
2.94
3 .09  
3.11
4 .05  
7.01
1 3 .90  
18.07 
19 .09  
1 2 . 6 1  
7 . 4 0
0 .0 3 6 6 5  
0 .0 4 1 9 0  
0 .03744  
0.03661 
0 .0 3 3 5 5  
0 .0 4 3 6 5  
0 .0 9 2 3 3
0 .1 4 9 ?  
0 ,1 8 6 4  
0 .  17 42 
O . 1069 
0 .05859
6B
1
TABLE K. H a t e r  s o l u b i l i t i e s  o f  s i n g l e  h y d r o c a r b o n s ,  u s e d  I n  s i m u l a t e d  
J e t  f u e l  m i x t u r e s ,  m e a s u r e d  a t  20 C.
Can pound  S o l u b i l i t y  (mg/L.  x
t o l u e n e  567 ± 8
e t h y l b e n z e n e  160 ± 1
n - b u t y l b e n z e n c  1 3 - 3  ± 0*2
1 , 3 , 5 “ t r l  e t h y l  b e n z e n e  3.1*7 ± 0 . 0 3
t e t r a l i n  1*5.0 t  0 . 4
1- m e t h y l n a p h t h a l e n e  3 0 * 2  ± 0 . 3
1 , 4 - d l m e t h y l n a p h t h a l e n e  9 . 4 7  ± 0 . 1 4
2 - e t h y l n a p h t h a l e n e  9 .2 1  ± 0 . 0 9
m e t h y l c y c l o h e x a n e  1 6 , 6  ± 0 . 4
n - O C t a n e  0 , 6 6 4  ± 0 .011
6y
± SD)
TABLF X I .  W a te r  s o l u b i l i t i e s  o r  a n a l y z a b l e  c o m p o n e n t s  o f  JP-iJ and J P - 8
s i m u l a t e d  J e t  f u e l s  and v a l u e s  c a l c u l a t e d  Trotn t h e a e
m e a s u r e m e n t s .  C o n c e n t r a t i o H  u n i t s  a r e  m g / L .
S o l u b i l i t y  (x ± SD) T ((flH. ( ±  95 t CL)Com ponen t  ( i )    i Ch)________
S i m u l a t e d  J P - ^
t o l  uerte 2 8 * 3 X 0 . 5 t . 1 6 ± 0 . 0 3
e t h y l b e n z e n e 1 0 . 6 ± 0 . 1 t . 23 i 0 , 0 1
n - b u t y l b e n  ze ne 0 .62H ± 0 .0 0 7 1 . 2 1 ± 0 , 0 2
t e t r a l i n 1 .90 ± 0 . 0 2 1 .JJ5 i 0 , 0 2
1 - m e t  h y l n a p h t  h a 1 en e 1 .8 0 ± 0 . 0 2 2 . 21) ± 0 . 0 3
1 * 4 - d i m e t h y l  n a p h t h a l e n e 0 . 5 3 6 ± 0 . 001J 2 . 1 7 i 0 * oil
m e t h y l c y c l o h e x a n e 3*50 ± 0 , 0 5 0 . 9 9 ± 0 , 0 3
n - o o t  a n e 0 . 1 7 3 ± 0 , 0 0 3 1 . 0 7 ± 0 , 0 2
T o t a l h 7 - 3 f  ^ 3 . 8 }a
S i m u l a t e d  J P ~ 8
n - b u t  y l b e n z e n e 0.61  3 ± 0,  01 7 1 . 19 ± o . o i )
1 , 3 t 5 ~ t r i e t h y l b e n z e n e 0 . 1 6 ^ ± 0 , 0 0 2 1 . 1 2 ± 0 . 0 2
t e t r a l I n 2 . 2 5 ± o . o u 1 . 3 * ± 0 . 0 3
1 - m e t h y l n a p h t h a l e n e 2 .1 1 ± 0 , 0 6 1 . 9 0 ± 0 . 0 6
1 , ^ - d i m e t h y l n a p h t h a 1 ene 0 . 6 2 9 ± 0*005 T . 9 8 ± Q.Oi*
2 - e t h y l  n a p h t h a l e n e 0 , 6 3 2 ± 0 . 0 0 6 1 . 7 0 ± 0 . 0 2
T o t a l  6 .  it 5
0
A r o m a t i c  c o m p o n e n t s  o n l y .
7 0
The u s e  of  ’ enhancem ent  f a c t o r  ( L e l n o n e n ,  1976)  was t h e  o n l y  
method f o r  p r e d i c t i n g  t h e  s o l u b i l i t y  of  m u l t i  component h y d r o c a r b o n
m i x t u r e s  fo u n d  i n  t h e  l i t e r a t u r e -  I n s t e a d  o f  7 . ,  , v a l u e s ,  L e i n c n e n1 ( h )
use d  e n h a n c e m e n t  r a p t o r s  dependent  upon compound t y p e ,  The r e s u l t s  Of 
t h e  enha nce m en t  Tac t  or method f o r  p r e d i c t i n g  t h e  s o l u b i l i t y  o f  t h e  
s i m u l a t e d  j e t  f u e l s  a r e  g i v e n  In T a b l e  X I I .  The method  o v e r - p r e d i c t e d  
i n d i v i d u a l  s o l u t e  c o n c e n t r a t i o n s  by a s  much as  95f  a n d  t o t a l  JP-J< 
s o l u b i l i t y  by 7&I, 'Enhancement  f a c t o r s '  s u g g e s t e d  by L e ln o n e n  (1976)  
p r e d i c t  u n r e a l  l s t i  c l  y h i g h  s o l u b i l i t y  v a l u e s  and a r e  l i t t l e  b e t t e r  t h a n  
u s i n g  t h e  a s s u m p t i o n  o f  i d e a l  s o l u t i o n  b e h a v i o r .
A g r a p h i c a l  method o f  p r e d i c t i n g  m u l t i c o m p o n e n t  v a l u e s  was
d e v e lo p e d  u s i n g  t h e  d a t a  i n  F igure  15 and t h e  s i m u l a t e d  J e t  Tue l  d a t a .  
I t  was f o u n d  t h a t  i f  v e r t i c a l  l i n e s  ( d a s h e d  l i n e s  i n  F i g u r e  15) w e r e  
drawn a t  t h e  mole f r a c t i o n s  t h a t  c o r r e s p o n d e d  t o  t h e  mole  f r a c t i o n  o f  
t h e  t o t a l  a r c m a t l c s  i n  t h e  f u e l  m i x t u r e ,  t h e n  t h e  i n t e r s e c t i o n s  o f  t h e  
das h ed  l i n e s  and t h e  s o l i d  l i n e s  p r o v i d e d  r e a s o n a b l y  good e s t i m a t e s  f o r  
T h i s  m ethod  w orks  o n l y  f o r  t h e  a r o m a t i c  c om pone n t s .  The 
r e s u l t s  o f  t h e  g r a p h i c a l  method o f  p r e d i c t i n g  v a l u e s  a r e  g i v e n  in
T a b l e  X I I I ,  P r e d i c t e d  s o l u b i l i t i e s  a r e  q u i t e  good c o n s i d e r i n g  p o s s i b l e  
a n a l y t i c a l  e r r o r s  i rt  t h e  f u e l  m ix tu re  s o l u b i l i t i e s .
The g r a p h i c a l  m ethod  i s  a n p i r i c a l  and  i t s  e f f e c t i v e n e s s  i s  
c u r i o u s .  I t  I s  a l s o  c u r i o u s  t h a t  t h e  n - o c t a n e  * a r o m a t i c  b i n a r y  
m i x t u r e  d a t a  i n  F i g u r e  15 works r e a s o n a b l y  w e l l  b e c a u s e  n - o c t a n e  was 
o n l y  o n e  o f  s i x  a l i p h a t i c  components i n  JP - i t  and was n o t  p r e s e n t  i n  
J P - 8 .  I t  may be t h a t  B r o n a t e d ' s  p r i n c i p l e  o f  c o n g r u e n c e  {B ro n s te r t  and 
K oefoed ,  19^0)  a p p l i e s  t o  t h e  a l i p h a t i c  p o r t i o n  o f  t h e  m i x t u r e s ,  s o  
c h a t  i n t e r a c t i o n  e f f e c t s  d u e  t o  t h e  a l i p h a t i c  p o r t i o n  can be
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TABLE X I I .  P r e d i c t e d  s o l u b i l i t i e s  f o r  s i m u l a t e d  J e t  f u e l  m i x t u r e s
u s i n g  t h e  ' e n h a n c e m e n t  f a c t o r ’ c o n c e p t  o f  L e i n o n e n  ( 1 9 7 6 )
I n  p l a c e  o f  v a l u e s .  C o n c e n t r a t i o n  u n i t s  a r e  tng/L.
E n h a n c e m e n t  
F a c t o r ,  e .Component  (1)
S i m u l a t e d  J P - 4
t o l u e n e  2 . 2
e t h y l  benzene  2 , 2
n - b u t y l b e n z e n e  2 , 2
t e t r a l i n  2 . 2
1 - m e t h y l  n a p h t h a  1 e n e  2 . 2
1 , 4 - d l  methy l  n a p h t h a l e n e  2 . 2  
m e t h y l c y c l o h e x a n e  1 . 4
n - o c t a n e  1 .4
T o t  a l
P r e d i c t e d  
S o l  u b i l l t y "
5 3 .3
18,9
1-13
2 ,89
1 .77
0 .5 4 4
4 .9 3
0 . 2 2 6
"p t I
J  D i f f e r e n c e  
From O b s e r v e d
+90 
+76 
+81 
+52 
- 1 . 7  
+ 1 . 5  
+ 41 
+ 31 
♦ 78
S i m u l a t e d  J P - 8
n - b u t y l b e n z e n e 2, 2 1 . 1 3 +64
1 t 3 , 5 - t r i e t h y l b e n z e n e 2 . 2 0.  3 2 0 +95
t e t r a l i n 2 . 2 3*71 +65
1 - m e t h y l n a p h t h a l e n e 2 . 2 2 .4 3 + 15
1 , 4 - d i m e t h y l  n a p h t h a l e n e 2 . 2 0 . 6 9 9 + 11
2 - e t h y l  naph t  h a l  e n e 2 . 2 0 .8 8 4 + 30
T o t a l  9 . 1 7  +42
aU 3 in g  e q u a t i o n  (2 )  w i t h  e^ i n  p l a c e  o f
1 2
TABUS X I I I ,  P r e d i c t e d  s o l u b i l i t i e s  f o r  s i m u l a t e d  j e t  f u e l  m i x t u r e s
u s i n g  g r a p h i c a l  m e t h o d  Tor p r e d i c t i n g  ^ j ( n )  v a ^ Lie3"
C o n c e n t r a t i o n  u n i t s  a r e  mg/L .
P r e d i  c t e d  
y
Com ponen t  1 ( h )
S i m u l a t e d  J P - 4
t o l u e n e  1,21
e t h y l b e n z e n e  1 . 2 3
n - b u t  y l b e n  zen e 1 , 2 7
t e t r a l i n  1 , 5 0
1- m e t h y l n a p h t h a l e n e  2,01*
1 14“ d i m e t h y l  n a p h t h a l e n e  2 . 0 2  
m e t h y l c y c l o b e x a n e  b
n - o c t a n e  b
T o t a l
P r e d i c t e d  
S o l  ub l  11 t y S
2 9 . 6  
11 ,0  
0 , 6 5 5  
1 *97 
1 *64 
0*500
TJ57T
S i m u l a t e d  JP - f l
n - b u t y l b e n z e n e  
1 , 3 | 5 - t r i  e t h y l  b e n z e n e  
t e t r a l I n
1-m e t h y l n a p h t h a l e n e
1 , 4 - d i m e t h y l n a p h t h a l e n e
2 - e t h y l n a p h t h a l e n  e
1 . 24 
1 - 1 9  
t , 4B 
1 ,9 0  
1 ,96  
1 .7 6  
T o t a l
0 .6 3 7
0 , 1 7 3
2 , 4 9
2 .19
0 . 6 2 3
O.TOfl
6 . 8 2
U s i n g  e q u a t i o n  ( 2 ) .
5^ l ( h )  c a n  n o t  be p r e d i c t e d  f r o n  d a t a  i n  F i g u r e  15.
" Us in g  a r o m a t i c  c o m p o n e n t s  o n l y .
7 }
% D i f f e r e n c e  
F r a n  O b s e r v e d
+4 .6  
+ 3 . 8  
+5.0  
+ 3 .7  
- 6 . 9  
- 6 . 7
c
+ 3 .7
+3*9 
+5 .5 
+ 10 ,7  
+ 3, a
- i  .0
+ 3 . a 
+5,7
a p p r o x i m a t e d  by t h e  mean n - a l k a n e  c h a i n  l e n g t h .  A l t h o u g h  t h e  m ean  
a l k a n e  c h a i n  l e n g t h  l a  a b o u t  n - n o n a n e  f o r  J P - 4  and a b o u t  n - d o d e c a n e  f o r  
J P - B ,  t h e  p r e d i c t e d  s o l u b i l i t i e s  a r e  n o t  much b e t t e r  f o r  J P  —^ t h a n  
J P - B .  T h i s  may be  b e c a u s e  t h e  T - r a e t h y l n p h t h a l e n e  v a l u e s  a t  t h e
0 , 2  m o l e  f r a c t i o n  l e v e l  I n  F i g u r e  13  u s i n g  n - o c t a n e  a n d  n - d o d e c a n e  a r e  
a p p r o x i m a t e l y  2 .1  a n d  1 - 9 ,  r e s p e c t i v e l y .  The d i f f e r e n c e  I n  t h e  
p r e d i c t e d  s o l u b i l i t y  u s i n g  t h e s e  t w o  v a l u e s  I s  o n l y  10%.
A n u m e r i c a l  m e th o d  f o r  p r e d i c t i n g  a c t i v i t y  c o e f f i c i e n t s  I n  
m u l t i c o m p o n e n t  s y s t e m s  i s  p r e s e n t e d  by King 0 9 6 9 ) .  F o r  t h i s  m e t h o d ,  
a c t i v i t y  c o e f f i c i e n t  I n f o r m a t i o n  i s  r e q u i r e d  f o r  e a c h  p o s s i b l e  b i n a r y  
p a i r  w i t h i n  t h e  m u l t i c o m p o n e n t  s y s t e m .  F o r  e x a m p l e ,  a s sum e  a f o u r  
c o m p o n e n t  s y s t e m  o f  A, B, C and D, The a c t i v i t y  c o e f f i c i e n t  f o r  A can 
be  o b t a i n e d  u s i n g :
l n  VA “ *Bb AB * *C?AC + *Db AD + V c ^ A R  bA C b&CJ
<26)
+ * bAp "  + “ r ^ D ^ A C  + bAD ” b CD5
, w h e r e  t h e  c o e f f i c i e n t s  e t 0 '  a r e  o b t a i n e d  f r o m  t h e
a p p r o p r i a t e  b i n a r y  s y s t e m  a c t i v i t y  c o e f f i c i e n t s ,  a n d  a r e  g i v e n  f o r  t h e
b i n a r y  s y s t e m  Q + P:
I B y0b -----------------------------------------------------------------C27>
P
The o t h e r  m u l t i c o m p o n e n t  a c t i v i t y  c o e f f i c i e n t s  a r e  o b t a i n e d  u s i n g  
an e x p r e s s i o n  o f  t h e  fonfl o f  e q u a t i o n  ( 2 2 ) .  E q u a t i o n  ( 2 2 )  c a n  be 
e x p a n d e d  f o r  a m u l t i c o m p o n e n t  s y s t e m  o f  any  s i z e ,  b u t  i t  i s  n e c e s s a r y  
to  h a v e  r e a s o n a b l e  a c t i v i t y  c o e f f i c i e n t  i n f o r m a t i o n  f o r  a l l  t h e  
p o s s i b l e  b i n a r y  m i x t u r e s  w i t h i n  t h e  m u l t i c o m p o n e n t  s y s t e m .  N o t e  t h a t  
o n l y  o n e  o r  t h e  a c t i v i t y  c o e f f i c i e n t s  Tor  e a c h  b i n a r y  m i x t u r e  i s  
n e e d e d .
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B in a ry  m i x t u r e  a c t i v i t y  c o e f f i c i e n t s  n e c e s s a r y  f o r  t h e  s i m u l a t e d  
J e t  f u e l s  were  o b t a i n e d  a s  f o l l o w s :  A l i p h a t i c  + a l i p h a t i c  o r  a r o m a t i c
+ a r o m a t i c  b i n a r y  p a i r s  were g i v e n  a c t i v i t y  c o e f f i c i e n t s  o f  T,QD. For  
a r o m a t i c  + a l i p h a t i c  b i n a r y  p a i r s ,  t h e  a r o m a t i c  c o m p o n e n t ’ s  a c t i v i t y  
c o e f f i c i e n t  was e s t i m a t e d  u s i n g  F i g u r e s  13 and 15. E x t r a p o l a t i o n s  were 
made when t h e  mole f r a c t i o n  n e a d e d  was o u t s i d e  Of t h e  m o le  f r a c t i o n  
r a n g e  e x p e r i m e n t a l l y  exam ined .  For  a r o m a t i c  + a l i p h a t i c  m i x t u r e s  in  
w h ic h  n - u n d a c a n e ,  n - t r i d e e a n e  and  n ^ p e n t a d e c a n e  was t h e  a l i p h a t i c  
component ,  v a l u e s  w e r e  i n t e r p o l a t e d  normal  t o  t h e  c u r v e s  I n  F i g u r e  1 3 . 
The f o i l  owing e q u a t i o n s  were u s e d  t o  e s t i m a t e  a r o m a t i c  component  
a c t i v i t y  c o e f f i c i e n t s  I n  a r o m a t i c  + a l i p h a t i c  b i n a r y  m i x t u r e s  t h a t  d i d  
no t  c o n t a i n  e i t h e r  1- m e t h y l n a p h t h a l e n e  o r  n - o c t a n e  u s i n g  b i n a r y  m i x t u r e  
d a t a  t h a t  d i d .
V h )  - K Q 0  * Ei ( h )  < * >
.  A O lL  t 29J
J Ch) ZJ O O  * ^
M h )
The s u b s c r i p t s  J and  if c o r r e s p o n d  t o  t h e  a r o m a t i c  component  of  i n t e r e s t  
and 1- m e t h y l n a p h t h a l e n e , r e s p e c t i v e l y .  The s u p e r s c r i p t ,  * , s i g n i f i e s  
t h a t  n - o c t a n e  i s  t h e  a l i p h a t i c  component  i n  t h e  m i x t u r e .  The a r o m a t i c  
m ole  f r a c t i o n  i s  t h e  same t h r o u g h o u t  t h e  c a l c u l a t i o n .
The r e s u l t s  oT t h e  method o f  King (1969)  f o r  p r e d i c t i n g  
v a l u e s  f o r  t h e  s i m u l a t e d  J e t  f u e l  m i x t u r e s  a r e  g i v e n  I n  T a b l e  XIV, The 
p r e d i c t e d  s o l u b i l i t i e s  were a l l  w i t h i n  10% o f  t h e  o b s e r v e d  
s o l u b l l i  t i  e s .
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TABLE XIV, P r e d i c t e d  e o l u b i l l t i e s  f o r  s i m u l a t e d  j e t  f u e l  m i x t u r e s
u s i n g  t h e  n u m e r i c a l  method o f  King M 9 6 9 )  f o r  p r e d i c t i n g
^ H h )  v a l u e 3 ,  C o n c e n t r a t i o n  u n i t e  a r e  i n  mg/L.
P r e d i  c t  ed
Component  ( i )  ^1 Ch ) S o l u b i  11 t y '
P r e d i c t e d
t . -. , a
S i m u l a t e d  J P - t
t o l u e n e  1,15 28.1
e t h y l b e n z e n e  1 , 2 2  1 0 . 5
n - b u t y l b e n z e n e  1*17 0 *60*1
t e t r a l i n  l , J i 6 1 .92
1- m e t h y l n a p h t h a l e n e  2 . 1 0  1*69
1 , * t - d i m e t h y l n a p h t h a l  ene  2 ,03  0 ,502
m e t h y i c y c i o h e x a n e  1 , 0 3  3 , 6 3
n - o c t a n e  1.03 0 . 1 6 7
T o t a l  A? * 1
(^3*3)
S i m u l a t e d  JP-fl
n - b u t y l b e n z e n e  1.11 0 . 5 7 1
1 1 3 1 6 - t r i  e t h y l b e n z e n e  1 .06  0.15*1
t e t r a l i n  1 .35 2 . 2 7
T - m e t h y l n a p h t h a l e n e  1.87 2.07
T, h - d i m e t h y l  n a p h t h a l e n e  1 . &0 0 .5 7 2
2 - e t h y l  n a p h t h a l e n e  1,66 0■667
T o t a l  6 .30
a Lfel ng e q u a t l  on ( 2 ) .
^Ueing  a r o m a t i c  c om ponen t s  o n l y .
1 D i f f e r e n c e  
From Observed
- 0 , 7  
- 0 , 9  
-3*2  
*1  *  1 
-6  *  1 
-6*3  
*3 ,7  
- 3 . 5
- 6 . 9  
- 6 . 1  
*0.9 
- 1 . 9  
- 9 .1  
- 2 . 2  
" 2 . 3
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The use  o f  ONIFAC t o  p r e d i c t  m u l t i c o m p o n e n t  m i x t u r e  a c t i v i t y  
v a l u e s  o n l y  r e q u i r e s  knowledge of  t h e  m i x t u r e s  c o m p o s i t i o n .  The  
UNIFAC c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t  r e s u l t s  f o r  t h e  s i m u l a t e d  j e t  
f u e l  m i x t u r e s  a r e  g iven  In T a b l e  XV. The p r e d i c t e d  s o l u b i l i t i e s  were 
g e n e r a l l y  w i t h i n  101 of the o b s e r v e d  s o l u b i l i t i e s  e x c e p t  Tor 3cm e of 
t h e  s u b s t i t u t e d  n a p h t h a l e n e s .  T h i s  may be b e c a u s e  n a p h t h a l e n e s  were 
no t  u s e d  In  s e t t i n g  up UNIFAC g r o u p -  c o n t r i b u t i  on  t a b l e s .  UN I FAC i s  
more c o n v e n i e n t  t o  use  t han t h e  g r a p h i c a l  o r  n u m e r i c a l  (X in g ,  19691 
m ethods  s i n c e  i t  l a  e a s i l y  a n d  r a p i d l y  done w i t h  a c o m p u t e r  w i t h  l eas  
e x p e r i m e n t a l  d a t a .
S o l u b i l i t y  of  a B inary  H y d r o c a r b o n  M ix tu re  i n  York R i v e r  W a te r  and 
A r t i f i c i a l  S e a w a te r  - E f f e c t s  of D i s s o l v e d  S a l t a  and D i s s o l v e d  O r g a n ic  
M a t e r i a l
The aqueous  s o l u b i l i t y  o f  a m e t h y l c y c l o h *  x a n e  + 1- m e t h y l -  
n a p h t h a l e n e  b i n a r y  m ix tu re  ( 0 . 2 0 1 5  m o le  f r a c t i o n  1- m e t h y l n a p h t h a l e n e )  
was d e t e r m i n e d  In  o r g a n i c - f r e e  d e i o n i z e d  w a t e r , 1 *J p a r t s  p e r  t h o u s a n d  
( p p t )  a r t i f i c i a l  s e aw a te r  a n d  1A p p t *  0 . 2  m i c r o n  f i l t e r e d ,  f o r k  Rive r  
w a t e r  t o  d e t e r m i n e  t h e  e f f e c t s  o f  d i s s o l v e d  s a l t s  and a n a t u r a l  l e v e l  
o f  d i s s o l v e d  o rg an  I c m a te r i  a l  (DOM) on  the  a q u e o u s  s o l u t i o n  b e h a v i o r  of  
a h y d r o c a r b o n  m ix t u r e .  The DOM c o n c e n t r a t i o n s  i n  t h e  Tfork R i v e r  w i t e r  
have b e e n  d e t e r m i n e d  a t  VIMS t o  be i n  t h e  1 - 1 0  mg/L r a n g e .
A l i t e r  o f  30 pp t  a r t i f i c i a l  s e a w a t e r  was  p r e p a r e d  by d i s s o l v i n g  
th e  F o l l o w i n g  s a l t s  i n  d e i o n i z e d  w a t e r :  2 3 . 1 6  g  NaClf 2 . 3 8  g  MgSC^,
11,02 E  MgCl-GJ^Q, 1 . J15 g CaC l3 . 0,71* g KC1, 100  mg XBr* 25 rrtg and
50 mg NaKCO^, The s o l u t i o n  was 0 , 2  m ic r o n  f i l t e r e d  a n d  d i l u t e d  t o  York
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TABLE XV, P r e d i c t e d  s o l  a b i l i t i e s  f o r  s i m u l a t e d  J e t  f u e l  m i x t u r e s  u s in g
UNIFAC p r e d i c t e d  Y h v a l u e s .  C o n c e n t r a t i o n  u n i t s  a r e
mg/L,  U i lJ
P r e d i c t e d
y
Component  {i ) 1 ( h )
S i m u l a t e d  J F - 4
t o l u e n e  1 .22
e t h y l b e n z e n e  1 .2 0
n- b u t y l b e n z e n e  1 .10
t e t r a l i n  1 .33
1- m e t h y l n a p h t h a l e n e  1 .89
1 f 4 - d i m e t h y l  n a p h t h a l e n e  1.74 
m e t h y l o y c l o h e x a n e  0 ,97
n - o c t a n e  1*03
T o t a l
P r e d l c t e d  
S o l u b i l i t y 5
29. 
1 0,  
0 ,  
1 , 
1 ,
0 
■ 3
,609 
,75
i 50
o.  431 
3 . 4 2  
0 . 1 6 7  
4 6 . 0  
( 4 4 . u r
% D i f f e r e n c e  
F r a n  O bse rved
* 5 .4  
- 2 , 8  
- 2 . 4  
- 7 . 9  
-1 6 . 7  
- 1 9 , 6  
- 2 , 3  
- 3 . 5  
* 1 . 3  t 
f + 1 . 4 > c
S i m u l a t e d  JP -B
n - b u t y l  benzene  
1, 3 . 5 - t r l e t h y l b e n z e n e  
t e t r a l I n
1- m e t h y l  n a p h t h a l e n e
1 , 4 - d i m e t h y l n a p h t h a l e n e
2 - e t h y l n a p h t  h a l e n e
a U s in g  e q u a t i o n  ( 2 ) ,
^ U s in g  a r o m a t i c  components  on ly
1 , 1 4  0 . 5 8 6  - 4 , 4
1 .1 0  0 . 1 6 0  - 2 . 4
1,27 2 . 1 4  - 4 , 9
1 .7 0  1 .9 7  - 6 . 6
1 .72  0 . 5 4 6  - 1 3 . ?
1 ,6 5  0 . 6 6 3  - 2 , 0
T o t a l  6 . 0 7  - 5 . 9
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R iv e r  w a t e r  s a l i n i t y  p r i o r  t o  u s e .  S a l i n i t i e s  w e r e  m e a s u r e d  w i t n  a  
h a n d - h e l d  r e f r a c t o m e t e r  (A m er ican  O p t i c a l  C o r p , ) ,
The r e s u l t s  o f  t h i s  e x p e r t  merit a r e  g i v e n  i n  T a b l e  XVI, H a te r  
c o n t a i n i n g  14 p p t  d i s s o l v e d  s a l t s ,  b o t h  a r t i f i c i a l  and n a t u r a l , 
d e c r e a s e d  t h e  s o l u t e  c o n c e n t  r a t i  one by a p p r o x i m a t e l y  151. T h i s  
o b s e r v a t i o n  i s  i n  g e n e r a l  a g re e m e n t  w i t h  t h e  d e g r e e  or  s o l u b i l i t y  
r e d u c t i o n  f o u n d  f o r  p u r e  h y d r o c a r b o n s  by Gordon and  Thorne  ( 1 9 6 7 ) ,  
S u t t o n  and  C a l d e r  (1975)  and  E ga nhouse  and  C a l d e r  (1976 ) ,  S o l u t e  
c o n c e n t r a t i o n s  r a t i o s  w e r e  t h e  same f o r  d e i o n i z e d  w a t e r  and s a l i n e  
w a t e r  s a m p l e s ,  i n d i c a t i n g  t h a t  t h e  b a s i c  f e a t u r e s  of  m i x t u r e  s o l u b i l i t y  
b e h a v i o r  d i d  n o t  change .  T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  a r t i f i c i a l  s e a w a t e r  e n d  York R i v e r  w a t e r  s a m p l e s ,  i n d i c a t i n g  t h a t  
t h i s  n a t u r a l  l e v e l  o f  DOM d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  e q u i l i b r i u m  
s o l u b i l i t y  b e h a v i o r  o f  t h e  m i x t u r e .  T h i s  I s  e x p e c t e d  frcm t h e  r e s u l t s  
o f  Hash lm oto  e t  a l .  (19B4)  and W h l t a h o u s e  (1985)*  The York R i v e r  w a t e r  
DOM may be  p a r t i t i o n i n g  i n t o  t h e  h y d r o c a r b o n  p h a s e ,  t hus  m i n i m i z i n g  th e  
p o s s i b l e  e f f e c t s  of t h e  DOM,
5, D i s c u s s i o n
M o l e c u l a r  s t r u c t u r e  i s  I m p o r t a n t  i n  d e t e r m i n i n g  t h e  e x t e n t  of  
d e v i a t i o n  f r o m  i d e a l  s o l u t i o n  b e h a v i o r  f o r  m i x t u r e s  o f  L i q u i d  
h y d r o c a r b o n s ,  S i m i l a r  components  i n  b i n a r y  m i x t u r e s  e x h i b i t  i d e a l  or  
n e a r l y  i d e a l  b e h a v i o r .  D i s s i m i l a r  c om ponen t s  i n  b i n a r y  m i x t u r e s  
e x h i b i t  s i g n i f i c a n t  d e v i a t i o n s  from i d e a l i t y .  The s o l u b i l i t y  r e s u l t s  
a g r e e  w i t h  w h a t  would be e x p e c t e d  Tran  p u b l i s h e d  vapor-1  i q u i d  
e q u i l i b r i a  r e s u l t s .
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TA&LE XVI. Water  s o l u b i l i t y  o f  a m e t h y l c y c l o h e x a n e i M C H )  + 1- m e t h y l -  
n a p h t h a l  ene  (MN) ( a . 201 5 m o l e  f r a c t i o n  MN) m i x t u r e  i n  
d e i o n i z e d  w a t e r ,  p p t  a r t i f i c i a l  s e a w a t e r  a n d  111 p p t  York  
it 1 v e r  w a t e r  * C o n c e n t r a t i o n  u n i t s  a r c  m g /L .
D e i o n i z e d  A r t i f i c i a l  York R i v e r
Water  S e a w a t e r  W a te r
MCH Cone .  ( ± SO) 1 3*5 ± 0 .  2 T 1 . -4 ± 0 .  1 11 .T ± 0 .  2
MM Cone.  (±  SD) f l . 6 t 0 . 2 9 . 9 3 ± 0 . 0 9 10.1 ± 0 .  1
MCH/MN C o n e .  R a t i o 1.16 ± 0 . 0 3 1 . 1 5 ± 0, 01 1 . 1 6 ± 0 . 0 2
( i  90* CL)
BO
M u l t i c o m p o n e n t  m i x t u r e  v a p o r - 1 1 q u i d  e q u i l i b r i u m  i s  v e r y  d i f f i c u l t  
t o  o b s e r v e  s i n c e  p a r t i a l  v a p o r  p r e s s u r e s  r e s u l t i n g  f r o m  m i x t u r e s  
g r e a t e r  t h a n  tw o  c o m p o n e n t s  a r e  d i f f i c u l t  t o  d e t e r m i n e .  The r e s u l t s  o r  
t h e  m u l t i c o m p o n e n t  s i m u l a t e d  J e t  f u e l  m i x t u r e  w a t e r  s o l u b i l i t i e s  show 
t h a t  a c t i v i t y  c o e f f i c i e n t s  c a n  be r e l a t i v e l y  e a s i l y  d e t e r m i n e d  from 
w a t e r  s o l u b i l i t y  d a t a .  C h e m ic a l  e n g i n e e r s  and  t h e r m o d y r t u ^ i c i s t s  may 
f i n d  a q u e o u s  s o l u b i l i t y  m e a s u r e m e n t  u s e f u l  t o  d e t e r m i n e  m u l t i c o m p o n e n t  
m i x t u r e  a c t i v i t y  c o e f f i c i e n t s ,  i f  t h e  c o m p o n e n t s  o r  i n t e r e s t  a r e  
s u f f i c i e n t l y  w a t e r  s o l u b l e .
The g r a p h i c a l ,  n u m e r i c a l  ( K i n g ,  1969)  a n d  UNIFAC m e t h o d s  of  
p r e d i c t i n g  m u l t i c o m p o n e n t  m i x t u r e  a c t i v i t y  c o e f f i c i e n t  v a l u e s  work  
r e a s o n a b l y  w e l l .  The UNIFAC m ethod  w o u l d  be t h e  m e t h o d  o f  c h o i c e  i n  
m o s t  p r a c t i c a l  a p p l i c a t i o n s  s i n c e  o n l y  m i x t u r e  c o m p o s i t i o n  d a t a  I s  
r e q u i r e d .  The * e n h a n c e m e n t  f a c t o r *  c o n c e p t  o f  L e i n o n e n  0 9 7 6 )  f o r  
p r e d i c t i n g  m u l t i c o m p o n e n t  h y d r o c a r b o n  m i x t u r e  s o l u b i l i t i e s  was n o t  much 
b e t t e r  t h a n  t h e  a s s u m p t i o n  o f  I d e a l  s o l u t i o n  b e h a v i o r  f o r  p r e d i c t i o n  
o f  t h e  s o l u b i l i t y  o f  o u c h  m i x t u r e s .  E n h a n c e m e n t  f a c t o r s  a r e  no t  
u s e f u l ,  p a r t i c u l a r l y  i n  l i g h t  o f  t h e  a b i l i t y  o f  UNIFAC t o  p r e d i c t  
h y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f f i c i e n t s .
N a t u r a l  l e v e l s  o f  d i s s o l v e d  s a l t s  a n d  d i s s o l v e d  o r g a n i c  m a t e r i a l  
do n o t  s i g n i f i c a n t l y  a f f e c t  t h e  a q u e o u s  s o l u b i l i t y  b e h a v i o r  n r  l i q u i d  
h y d r o c a r b o n  m i x t u r e s ,  e x c e p t  Tor  t h e  s o l u b i l i t y  r e d u c t i o n  due  t o  
d i s s o l v e d  s a l t s .  T he  a q u e o u s  s o l u b i l i t y  b e h a v i o r  u s i n g  d e i o n i z e d ,  
o r g a n i c - f r e e  w a t e r ,  a s  u s e d  i n  t h e  m a j o r i t y  oT t h e  e x p e r i m e n t s ,  s h o u l d  
t h e r e f o r e  be a p p l i c a b l e  t o  n a t u r a l  a q u a t i c  e n v i r o n m e n t s .
a i
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KINETICS OF HYDROCARBON MIXTURE SCLUTlON
A l l  e x p e r i m e n t s  r e p o r t e d  up t o  t h l ^  po l  n t  h a v e  t r e a t e d  e q u i l i b r i u m  
c o n d i t i o n s  w h ich  a r e  r a r e l y  e n c o u n t e r e d  i n  e n v i r o n m e n t a l  s i t u a t i o n s .
The f o l l o w i n g  e x p e r i m e n t s  e x a m i n e  wha t  may o c c u r  u n d e r  n o n - e q u i l l b r l u r a  
c o n d i t i o n a .  P a r t i c u l a r  e m p h a s i s  h a s  b e e n  p l a c e d  o n  d e t e r m i n i n g  t h e  
m ass  t r a n s f e r  model  wh ich  b e a t  e x p l a i n s  t h e  n o n - e q u l . l l b r i u m  
c o n c e n t r a t i o n s  and  s o l u t i o n  b e h a v i o r .
1. H y d r o c a r b o n  M i x t u r e s  o f  C o n s t a n t  C o m p o s i t i o n
A w a t e r  s o l u t i o n  k i n e t i c s  e x p e r i m e n t  was c o n d u c t e d  U3lng  a 
1- m e t h y l  n a p h t h a l  e r e  + m e t h y l c y c l o h e x a n e  ( 1 : 4  m o le  f r a c t i o n  r a t i o )  
h y d r o c a r b o n  m i x t u r e .  T h r e e  s o l u b i l i t y  v e s s e l s  c o n t a i n i n g  t h e  same 
amount  oT w a t e r  w e r e  e q u i l i b r a t e d  I n  a w a t e r  b a t h  a t  20°C p r i o r  t o  t h e  
a d d i t i o n  o f  t h e  h y d r o c a r b o n  m i x t u r e .  At  s e l e c t e d  s u b s e q u e n t  t i m e s ,  
w a t e r  s a m p l e s  w ere  t a k e n  f ro m  ea ch  Tor  a n a l y s i s .  The s a t u r a t i o n  
c o n c e n t r a t i o n s  were  d e t e r m i n e d  i n  a s e p a r a t e  Afl-h e q u i l i b r a t i o n  
e x p e r i m e n t  due  t o  i n s u f f i c i e n t  w a t e r  f o r  a l l  a n a l y s e s  I n  t h e  same 
v e s s e l s .  T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  g i v e n  i n  T a b l e  Xi I I .
A s i m i l a r  s o l u b i l i t y  e x p e r i m e n t  u s i n g  an e t h y l b e n z e n e  + t e t r a l i n  
(T :3 m o le  f r a c t i o n  r a t i o )  h y d r o c a r b o n  m i x t u r e  was c o n d u c t e d  a s  
d e s c r i b e d  a b o v e .  R e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  g i v e n  i n  T a b l e  X V II I ,  
The  m e t h y l c y c l o h e x a n e  + I - m e t h y l n a p h t h a l  e n e  a p p r o a c h - t o ^  
e q u i l i b r i u m  e x p e r i m e n t  ( T a b l e  XVII)  i n d i c a t e d  t h a t  t h e  s o l u t e  
c o n c e n t r a t i o n  r a t i o  d i d  n o t  v a r y  w i t h  d i s t a n c e  f rom e q u i l i b r i u m  and  was 
e q u a l  t o  t h e  e q u i l i b r i u m  v a l u e .  The r e s u l t s  o f  t h i s  e x p e r i m e n t  can be
TABLE X V II ,  Methyl  cy  c l  o h e x a n e  (MCH)/ 1- m e t h y l n a p h t h a l e n e  (MN)
c o n c e n t r a t i o n  r a t i o s  f o r  k i n e t i c  w a t e r  s o l u b i l i t y  e x p e r i ­
ment  u s i n g  MN * MCH ^ 0 , 2 0 1  1 m o le  f r a c t i o n  MN) aa  t h e  
h y d r o c a r b o n  p h a s e .  '
* o r [MCH]/[MN]
Time (h ) Sa t  l i t  a t i  o n (x  * 9 5 t  CL)
0 . 5 4 1 . 2 0  * 0 . 0 6
1 .5 1 4 1 . 1 0  * 0 . 1 6
3 23 1 . 1 6  * 0 ,0 1
5 49 1 . 1 7  * 0 . 0 9
7 63 1 . 1 7 *  0 , 0 6
1 0 81 1 . 1 5  * 0 . 1 3
1 3 91 1 . 1 3  ± 0 . T3
24 99 1 . 1 8  * 0 . 0 6
a H a t i o  a t  s a t u r a t i o n  -  1 , 2 0  t  0 , 0 4
^ S a t u r a t e d  MCH c one ,  ■ M , 2  * 0 , 2  mg/L ; s a t u r a t e d  MN c o n e ,  -  1 1 . 8  ± 0.1  
n g / L ; as  x ± SD,
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TABLE W i l l .  E t h y l b e n z e n e  (EB>/ t e t r a l i n  (THN) c o n c e n t r a t i o n  r a t i o s  
and s o l u t e  c o n c e n t r a t i o n s  a s  p e r c e n t  o f  s a t u r a t i o n  f o r  
k i n e t i c  w a t e r  s o l u b i l i t y  e x p e r i m e n t  u s i n g  EB + THN 
( 0 . 2 5 3 ?  m ole  f r a c t i o n  EB) as  t h e  h y d r o c a r b o n  p h a s e .
[EB] a s  % [THN] ae 1 [EB] /[THN]
Time (h3 of  S a t u r a t i o n of  S a t u r a t i o n ( x  ± 95* CL)
1 19 17 1 .54  ± 0 .0 7
3 55 49 1 .51 ± 0 .11
5 70 71 1 .4 9  t  0 . 1 7
7 92 06 1 ,46  t  0 . 0 ?
12 90 90 1 .35  + 0 ,11
24 1 00 1 00 1 .33  ± o , 16
48 1 00 100 1 .3 6  ± 0 . 0 2
S a t u r a t e d  EB co n c .  - 4 6 ,9  t  0 . 9  m g /L ; s a t u r a t e d  THN c o n c . -  3 4 .6  ± 0 , 2
mg/L; 39 I  i  SD.
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I n t e r p r e t e d  on t h e  b a s i s  o f  a  s u r f a c e  r e n e w a l  m ass  t r a n s f e r  model  in 
which  a l l  p a r c e l s  o f  w a t e r  have a p p r o x i m a t e l y  t h e  same e x p o s u r e  t im e  
b e f o r e  b e i n g  r e p l a c e d  by t u r b u l e n t  e xc hange  w i t h  t h e  bulk w a t e r  * For 
t h i s  s i t u a t i o n ,  t h e  a v e r a g e  r a t e  o f  mass  t r a n s f e r  f o r  a s o l u t e  i s  g iven  
by W e l t e  e t  a l .  (198A) a s :
w h e r e ,  i n  t h i s  c a s e ,  i s  t h e  m o le s  o f  s o l u t e  A l e a v i n g  t h e  s u r f a c e
c o n c e n t r a t i o n  o f  A in  t h e  b u lk  w a t e r  p h a s e  whose m ass  d i f f u s i v i t y  i s
i s  t h e  e x p o s u r e  t im e  of  a  p a r c e l  oT w a t e r  a t  t h e  w a t e r - h y d r o  c a r  bon 
i n t e r f a c e  and  I s o l a t e d  from t h e  b u l k  w a t e r .  A s sum pt ions  i n  t h e  
a p p l i c a t i o n  o f  t h i s  model a r e :  t h e  i n t e r f a c i a l  b o u n d a ry  must  be 
u n b r o k e n ,  t h e r e  must  be  c o m p l e t e  c o v e ra g e  o f  t h e  s u r f a c e  w a t e r  by th e  
h y d r o c a r b o n  p h a s e ,  an d  must  be s u f f i c i e n t  f o r  ^ t o  be a  n e a r ’
e q u i l i b r i u m  w a t e r  p h a s e  c o n c e n t r a t i o n  w i t h  r e s p e c t  t o  t h e  h y d r o c a r b o n  
p h a s e .  K i n e t i c  e x p e r i m e n t s  l i k e  t h i s  can no t  c o n f i r m  t h i s  mass  
t r a n s f e r  model  b e c a u s e  t h e  i n t e r f a c i a l  boundary  was no t  o b s e r v e d  
d i r e c t l y  and  t u r b u l e n c e  was no t  m e a s u r e d .  The model  can be u s e d ,  
however ,  t o  q u a l i t a t i v e l y  e x p l a i n  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .
The e t h y l b e n z e n e  * t e t r a l i n  s o l u t i o n  k i n e t i c s  r e s u l t s  ( T a b l e  XVIJ) 
a r e  e s s e n t i a l l y  t h e  same as  t h o s e  f o r  t h e  m e t h y l c y c l o h e x a n e  +
1- m e t h y l n a p h t h a l  e n e  m i x t u r e  e x c e p t  t h a t  t h e  c o n c e n t r a t i o n  r a t i o  appears  
t o  c h a n g e  s l i g h t l y  as  a  f u n c t i o n  o f  d i s t a n c e  f rom e q u i l i b r i u m ,  
E t h y l b e n z e n e ,  t h e  more s o l u b l e  com ponent ,  a p p e a r s  t o  e n t e r  s o l u t i o n  a t  
a s l i g h t l y  m ore  r a p i d  r a t e ,  I t  may be  t h a t  t p i a  no t  s u f f i c i e n t  in  
t h i s  c a s e  f o r  a  n e a r - e q u i l l b r l u m  s i t u a t i o n  t o  b e  r e a c h e d .
r e g i o n  pe r  u n i t  t im e  p e r  u n i t  i n t e r f a c i a l  a r e a ,  C
d hq» c * c lfl t h e  a q u e o u s  c o n c e n t r a t i o n  o f  A a t  t h e  i n t e r f a c e ,  and  t  A d  e X p
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An ex p e r im e n t  was c o n d u c t e d  u s i n g  f a s t  and  s lo w  m a g n e t i c  e t l r b a r
s p i n n i n g  s p e e d s  t o  exam ine  I f  i n c r e a s e d  w a t e r  p h a s e  m i x i n g  s p e e d  can
c a u s e  t  to be t o o  s m a l l  f o r  n e a r - e q u i l i b r i u m  t o  be r e a c h e d  a t  t h e  exp
i n t e r r a c i a l  b o u n d a ry .  T h i s  e x p e r i m e n t  was done  a t  room t e m p e r a t u r e ,
M a g n e t i c  s t i r b a r  s p e e d s  were  m e a s u r e d  w i t h  a a t r o b e  t a c h o m e t e r .  L a s e r
l i g h t  s c a t t e r i n g  e x p e r i m e n t s  were  done  t o  d e t e r m i n e  t h e  s p i n n i n g  s p e e d
t h a t  b roke  t h e  w a t e r - h y d r o c a r b o n  i n t e r f a c e  and  c a u s e d  d r o p l e t s .
D r o p l e t s  were rormed s l i g h t l y  above a s p e e d  o f  1000 rpm, s o  1000 rpm
was u s e d  Tor t h e  f a s t  s p i n n i n g  s p e e d .  An e t h y l b e n z e n e  + t e t r a l i n  (1 :3
mole  f r a c t i o n  r a t i o )  h y d r o c a r b o n  p ha se  was a d d e d  t o  t h e  r i a s k s  w h i l e
t h e y  w e r e  s t i r r i n g  and s a n p l e s  were  t a k e n  a t  t h e  s p e c i f i e d  t i m e s .  The
r e s u l t s  of  t h i s  e x p e r i m e n t  a r e  shown i n  T a b l e  XIX. The s o l u t e
c o n c e n t r a t i o n  r a t i o s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  b e tw e e n  t h e  f a s t
and s l o w  mixed v e s s e l s .  The r e s u l t s  i n d i c a t e  t h a t  t h e  t  c h a n g e  dueexp
t o  t h e  d i f f e r e n t  m i x i n g  s p e e d s  was n o t  s u f f i c i e n t  t o  c a u s e  a  c h a n g e  i n
t h e  b a s i c  f e a t u r e s  of  n o n - e q u l l l b r l u m  s o l u t i o n ,  as  I n d i c a t e d  by
e s s e n t i a l l y  c o n s t a n t  s o l u t e  c o n c e n t r a t i o n  r a t i o s .  The  a s s u m p t i o n  t h a t
t  i s  s u f f i c i e n t  f o r  n e a r - e q u i  1 i b r i u m  c o n d i t i o n s  t o  be  r e a c h e d  exp
a p p e a r s  v a l i d .
An a p p r o a c h - t o - e q u i 1 i b r i u m  e x p e r i m e n t  was done  u s i n g  a f o u r -  
component  h y d r o c a r b o n  m i x t u r e  ( 0 . 7 ^ 7 ^  m ole  f r a c t i o n  m e t h y l c y c l o h e x a n e ;  
0 .0 5 0 7  mole  f r a c t i o n  e t h y l b e n z e n e ;  0 ,1001  m o l e  f r a c t i o n  t e t r a l i n ;
0 .1 0 1 7  mole  f r a c t i o n  1- m e t h y l n a p h t h a l e n e )  a t  20 i  l °C (room t e m p e r a t u r e  
p l u s  h e a t  from m a g n e t i c  s t i r r e r s ) .  Two s a m p l e s  w e r e  o b t a i n e d  f o r  ea ch  
c f  t h e  a p p r o a c h - t o - e q u i  I i  br 1 utn s o l u t e  c o n c e n t r a t i o n  d e t e r m l  n a t i o n e .
S ix  s a m p l e s  w e r e  o b t a i n e d  f o r  e a c h  e q u i l i b r i u m  s o l u t e  c o n c e n t r a t i o n  
d e t e r m i n a t i o n .  I n c l u d i n g  t h o s e  f o r  t h e  s i n g l e  component  s o l u b i l i t i e s  of
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TABUC XIX, E t h y l b e n z e n e  (E B ) /  t e t r a l l n  (THW) c o n c e n t r a t i o n  r a t i o s  I n  
s h o r t - t e r m  k i n e t i c  w a t e r  s o l u b i l i t y  e x p e r i m e n t  u s i n g  EB + 
THN (0,250*1 m o le  f r a c t i o n  EB) a s  t h e  h y d r o c a r b o n  p h a s e  a t  
tw o  d i f f e r e n t  s t i r r e r  s p e e d s .
Tjrae (h )  S low  (£50 r p m )  F a s t  ( 1000 rpra ) a
0 . 5  ‘  1 . ^ 3
1 1 . Ml 1 .* iJ |
2 t.J<3 1 . 3 S
' ^ D r o p l e t s  f o r m e d  a b o v e  1000 rpm.
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t h e  m i x t u r e ’ s  f o u r  c o m p o n e n t s .  The  r e s u l t s  o r  t h e  f o u r  component  
a p p r o a c h - t o - e q u i l  1 br iurn e x p e r i m e n t  a r e  g i v e n  i n  T a b l e  XX, T h e  s o l u t e  
c o n c e n t r a t i o n  r a t i o s  r e m a i n  e s s e n t i a l l y  c o n s t a n t  w i t h  d i s t a n c e  from 
e q u i l i b r i u m .  The s i n g l e  compound w a t e r  s o l u b i l i t i e s  a t  28 °C a r e :  
m e t h y l c y c l o h e x a n e  1 3 . 5  + 0 .1  m g /L ;  e t h y l b e n z e n e  178 ± 2 m g /L ; t e t r a l l n  
4 6 ,7  ± 0 , 0 4  mg/L;  and  1- m e t h y l n a p h t h a l e n e  3 4 . 7  ± 0 . 3  mg/L.
2. H y d r o c a r b o n  M i x t u r e  o f  C h a n g i n g  C a n p o a i t l o n
In  e n v i r o n m e n t a l  o i l  s p i l l  s i t u a t i o n s ,  t h e  c o m p o s i t i o n  o f  t h e  o i l  
p h a s e  s i g n i f i c a n t l y  a l t e r s ,  p r i m a r i l y  d u e  t o  e v a p o r a t i o n .  An 
e x p e r i m e n t  was d e s i g n e d  t o  s i m u l a t e  t h e  c h a n g e s  i n  t h e  d i s s o l u t i o n  
p r o c e s s  o f  a  h y d r o c a r b o n  m i x t u r e  t h a t  o c c u r  when t h e  h y d r o c a r b o n  p h a s e  
c o m p o s i t i o n  v a r i e s  due  t o  e v a p o r a t i o n .
a .  M a t e r i a l s  and  M ethods
The w a t e r  s o l u b i l i t y  v e s s e l  d e s i g n  u s e d  I s  shown I n  F i g u r e  16.
The  v e s s e l  i s  a 45 tin x 15 ora P y r e x  c y l i n d e r  w i t h  an aluminum p l a t e  
c o v e r  s e a l e d  w i t h  s i l i c o n e  r u b b e r .  The a luminum p l a t e  was d r i l l e d  and 
t a p p e d  f o r  two  0 - r i n g  s e a l s  h o l d i n g  P y r e x  t u b e s  T o r  s a m p l e  r e m o v a l , 
I n l e t  a n d  o u t l e t  f o r  ga s  a n d  s e p t u m  f i t t i n g .  Sample  t u b e s  w e r e  
l o c a t e d  t o  c o l l e c t  w a t e r  a t  6  cm be low  t h e  h y d r o c a r b o n  p h a s e  -  w a t e r  
p h a s e  I n t e r f a c e  a n d  a t  2  em f rom t h e  v e s s e l  b o t t o m  t o  p r o v i d e  
r e p r e s e n t a t i v e  s a m p l i n g  o r  t h e  w a t e r  p h a s e .  The i n i t i a l  c o m p o s i t i o n  o f  
t h e  h y d r o c a r b o n  p h a s e  was t h e  same as  t h e  f o u r - c o m p o n e n t  r n lx t u r e  
r e p o r t e d  i n  t h e  p r e c e e d i n g  s e c t i o n .  I n i t i a l  v o lu m e s  o f  w a t e r  and 
h y d r o c a r b o n  m i x t u r e  w e r e  6 . 5  L and  £00  m l ,  r e s p e c t i v e l y .  M ix ing  was
d o n e  w i t h  a 2 . 5  cm x 0 . 5  cm m a g n e t i c  s t i r  b a r  r o t a t i n g  a t  150 rpm. The
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T a b l e  XX, Aqueous p h a s e  c o n c e n t r a t i o n s  (mg/L) i n  a k i n e t i c  w a t e r  
s o l u b i l i t y  e x p e r i m e n t  u s i n g  f o u r - c o m p o n e n t  h y d r o c a r b o n  
mi x tu r  e ( 0 , 7 474 mole  f r a c t i o n  m e t h y l c y c l o h e x a n e ,  KCH ; 0 . 0 5 0 7  
mole f r a c t i o n  e t h y l  b e n a e n e ,  EB j 0 ,1001  m ole  f r a c t i o n  
t e t r a l l n ,  THN ; 0 . 1 0 1 7  m o le  f r a c t i o n  1 ^ m e t h y l  n a p h t h a l e n e , 
MN).
Component 1 Hour 3 Hours 6 Hour3
40 h ou re  
( Equl  1 i b r l  urO
MCH 1,16  ( 0 . 32>a 5 , 4 0  ( 0 . 3 2 ) 8 .5 3  ( 0 , 3 1 ) 10 .5  ( 0 .31 )
£B 1.15 ( 0 , 3 2 ) 5,50  ( 0 . 3 2 ) 0-71 ( 0 . 3 2 ) 1 0 .4  ( 0 - 3 1 )
THH 0 .6 3  ( 0 , 1 7 ) 2.  95 ( 0 . 1 7 ) 4.77 ( 0 . 1 7 ) 6 , 0 0  ( 0 . 1 8 )
MN 0 ,7 0  ( 0 , 1 9 ) 3 ,25 ( 0 . 1 9 ) 5 .2 7  ( 0 , 1 9 ) 6 ,7 7  ( 0 . 2 0 )
*N umbers i n p a r e n t h e s e s  a r e n o r m a l i z e d f r a c t i o n s  o f  t o t a l  h y d r o c a r b o n
c o n c e n t r a t i o n  a t  s p e c i f i e d  t im e .
BS
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F i g u r e  16. Water  s o l u b i l i t y  v e s s e l  u sed  i n  e x p e r i m e n t  i n  which t h e
h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  changed  due to  e v a p o r a t i o n ,  
a -  a q u e o u s  p h a s e ;  b -  h y d r o c a r b o n  p h a s e ;  c -  m a g n e t i c  
s t i r b n r ; d -  w a t e r  s a m p l i n g  t u b e s ;  e  -  r em o v a b le  sep tu m  
f i  t t  i n p .
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h y d r o c a r b o n  p h a s e  - w a t e r  p h a s e  i n t e r f a c e  was not  d i s t u r b e d  by t h e  
s t i r r i n g  a c t i o n .  The  v e s s e l  was m a i n t a i n e d  a t  20 ± 1 ° C , A 500 ml/min  
h e a d s p a c e  p u r g e  w a s  m a i n t a i n e d  , e x c e p t  d u r i n g  s a m p l i n g ,  when t h e  
v a l v e s  w e r e  c l o s e d .
At e a ch  s a m p l i n g  t i m e ,  a  w a t e r  s a m p l e  was o b t a i n e d  f rom  each 
s a m p l i n g  t u b e  by  a p p l y i n g  p r e s s u r e  t h r o u g h  t h e  s e p tu m  and a  h y d r o c a r b o n  
p h a s e  s a m p l e  ( a p p r o x i m a t e l y  0 , 1  ml)  was o b t a i n e d  by p i p e t t e  t h r o u g h  t h e  
s e p t u m  f i t t i n g  w i t h  s e p t u m  t e m p o r a r i l y  r em o v e d .  The h y d r o c a r b o n  phase  
was d i l u t e d  i n  p e n t a n e  and  a n a l y z e d  by g a s  c h r o m a t o g r a p h y  w i t h  f lam e  
i o n i z a t i o n  d e t e c t i o n .
b .  R e s u l t s  and  D i s c u s s i o n
The h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  a s  a r u n c t i o n  o f  t i m e  i s  shown 
i n  F i g u r e  1 7 .  T h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  c h a n g e d  aa e x p e c t e d  
f rom  t h e  v a p o r  p r e s s u r e s  o f  t h e  c o m p o n e n t s .  The m e t h y l  eye l o h e x a n e  mol e 
f r a c t i o n  d e c r e a s e d  r a p i d l y  a n d  a p p r o a c h e d  z e r o  by 50 h .  The  
e t h y l  b e n z e n e  m o le  f r a c t i o n  i n c r e a s e d  due  t o  t h e  d e c r e a s i n g  
m e t h y l c y c l o h e x a n e  c o n t r i b u t i o n  up t o  30  h t h e n  d e c r e a s e d  t o  n e a r  z e ro  
by 121  h .  The 1 - m e t h y l  n a p h t h a I e r t e  m ole  f r a c t i o n  i n c r e a s e d  more  r a p i d l y  
t h a n  t e t r a l i n ' s  u n t i l  72  h ,  a t  which p o i n t  t h e  t e t r a l l n  m o le  f r a c t i o n  
s t a r t e d  t o  d e c r e a s e .
The h y d r o c a r b o n  c o n c e n t r a t i o n s  i n  w a t e r  r e s u l t i n g  from c o n t a c t  
w i t h  a h y d r o c a r b o n  p h a s e  or  c h a n g i n g  c o m p o s i t i o n  s h o u l d  be 
i n t e r p r e t a b l e  i n  t e r m s  o f  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  I f  the  
s u r f a c e  r e n e w a l  m ass  t r a n s f e r  model h o l d s .  The h y d r o c a r b o n  s o l u t e  
c o n c e n t r a t i o n s  a s  a f u n c t i o n  oT t im e  a r e  g i v e n  i n  F i g u r e  1 8 . The 
s o l u t e  c o n c e n t r a t i o n s  a r e  t h e  a v e r a g e s  o f  t h e  r e s u l t s  f rom t h e  upper
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Fi-aure 17* H ydrocarbon  p h a s e  c o m p o s i t i o n  a s  a  f u n c t i o n  o f  r i m e .
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F i g u r e  [a .  Hydrocarbon  c o n c e n t r a t i o n s  In  t h e  a q u e o u s  p h a s e  a s  a 
f u n c t i o n  o f  t i m e .
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a n d  l o w e r  s a m p l i n g  t u b e s .  V a l u e s  g e n e r a l l y  a g r e e d  w i t h i n  1 0 |  be tween  
t h e  t w o  t u b e s ,  i n d i e a t i n g  a w e l l  m ix e d  w a t e r  p h a s e .  F i g u r e  19 ahowa 
t h e  h y d r o c a r b o n  s o l u t e  c o n c e n t r a t i o n s  (C^) a s  a p e r c e n t  o f  t h e i r
w e r e  c a l c u l a t e d  by m o d i f y i n g  v a l u e s  p r e d i c t e d  by t h e  LJWIFAC method .
The h y d r o c a r b o n  s o l u t e  c o n c e n t r a t i o n  r a t i o s  ( s e e  F i g u r e  lB] were 
e s s e n t i a l l y  t h e  same a s  f o u n d  I n  t h e  e q u i l i b r i u m  s i t u a t i o n  f o r  t h e  
I n i t i a l  h y d r o c a r b o n  m i x t u r e  c o m p o s i t i o n  d u r i n g  t h e  f i r s t  1 1 .5  h ,  Th is  
was  e x p e c t e d  s i n c e  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  d i d  n o t  change  
much u n t i l  a f t e r  1 1 . 5  h .  The s o l u t e  p r o p o r t i o n s  c h a n g e d  s u b s t a n t i a l l y  
a f t e r  t h i s  t i m e .  The  m e t h y l c y c l o h a x a n e  s o l u t e  c o n c e n t r a t i o n  r e a c h e d  a
e q u i l i b r i u m  c o n c e n t r a t i o n  ( C ^ ) f o r  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n
e x i s t i n g  a t  e a c h  s a m p l i n g  t i m e .  M e as u re d  x
v a l u e s  d e t e r m i n e d  a s  d e s c r i b e d  below w e r e  u s e d  I n  e q u a t i o n  [2') t o
c a l c u l a t e  C v a l u e s  a t  e a c h  s a m p l i n g  t i m e .  Note  C and  C can be used
i n  e q u a t i o n  {2Jas  g e n e r a l i s e d  c o n c e n t r a t i o n  t e r m s  f o r  x
v a l u e s  f o r  t h e  I n i t i a l  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  were
d e t e r m i n e d  u s i n g  e q u a t i o n  [2)  w i t h  d a t a  i n  T a b l e  XX a l o n g  w i t h  
and  v a l u e s .  W i t h i n  t h e  p r e c i s i o n  o f  w a t e r  s o l u b i l i t y  m easu rem en ts
e s t i m a t e s ,  ft11 o t h e r  yt h e s e  a r e  e x p e c t e d  t o  be good Y
UNIFAC d e t e r m i n e d  a c t i v i t y  c o e f f i c i e n t s  ( y ) c a n  have  s i g n i f i c a n t
e r r o r s
f o r  t h e  i n i t i a l  h y d r o c a r b o n  p h a s e
compos!  t l o n s
\  1 ( h )  / i n i t i a l  c o m p o s i t i o n
v a l u e s  w e r e  t h e n  c o r r e c t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n
i { h ) ( c o r r  )
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Fig u re  19. H y d r o c a r b o n  c o n c e n t  r a t  lo n g  I n  t h e  a q u e o u s  |>ha3 e ,  aa  a
p e r c e n t  o f  s a t u r a t i o n  c o n c e n t r a t i o n  w i t h  r e s p e c t  t o  t h e  
h y d r o c a r b o n  p h a s e  c o m p o s i t i o n ,  a s  a f u n c t i o n  o f  t ime*
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maximum a ro u n d  ?4 h .  T h i s  was e x p e c t e d  s i n c e  F i g u r e  19 shows t h a t  
m e t h y l c y c l o h e x a n e  became s a t u r a t e d  w i t h  r e s p e e t  t o  t h e  h y d r o c a r b o n  
p h a s e  a t  ab o u t  26 h ,  Once a component  l a  o v e r a a t u r a t e d  w i t h  r e s p e c t  t o  
t h e  h y d r o c a r b o n  p h a s e ,  i t  w i l l  t e n d  t o  r e t u r n  f rom t h e  a q u e o u s  p h a s e  t o  
t h e  h y d r o c a r b o n  p h a s e  and be a v a i l a b l e  f o r  r e m o v a l  by e v a p o r a t i o n *  
S i m i l a r l y ,  t h e  e t h y l  be nz ene  s o l u t e  c o n c e n t r a t i o n  r e a c h e d  a  maximum at 
ab o u t  43 h .  T h i s  maximum o c c u r r e d  b e c a u s e  e L h y i b e n z e n e  became 
s a t u r a t e d  w i t h  r e s p e c t  t o  t h e  h y d r o c a r b o n  p h a s e  a t  ab o u t  43 h a s  shown 
i n  F I g u r e  1 9 *
The i n i t i a l  h y d r o c a r b o n  m i x t u r e  a c t i v i t y  c o e f f i c i e n t s  Tor t e t r a l t n  
and 1 ^ m e t h y l n a p h t h a l e n e  were  1 .28  and 1 .9 1 ,  r e s p e c t i v e l y ,  but  by 48 h 
t h e y  were  b o t h  e s s e n t i a l l y  u n i t y .  The e f f e c t  o f  t h i s  change  In 
a c t i v i t y  c o e f f i c i e n t  v a l u e s  i s  s e e n  I n  t h e  r a t i o  o f  1 -methy i  n a p h th a l  ene 
and  t e t r a l l n  s o l u t e  c o n c e n t r a t i o n s ,  which  wa3 T a i r l y  c o n s t a n t  up t o  
a b o u t  30 h. f t f t e r  30 h t h e  1 - m e t h y l n a p h t h a l o n e  c o n c e n t r a t i o n  d e c r e a s e d  
r e l a t i v e  t o  t e t r a l l n  s i n c e  b o t h  a c t i v i t y  c o e f f i c i e n t s  were a p p r o a c h i n g  
u n i t y .  T h i s  o b s e r v a t i o n  i s  i n  a g r e e m e n t  w i t h  t h e  s u r f a c e  renew al  mass 
t r a n s f e r  model .
I t  would  be d i f f i c u l t  t o  s c a l e  and  a p p l y  t h e s e  r e s u l t s  to  a 
p a r t i c u l a r  p e t r o l e u m  d i s c h a r g e  s i t u a t i o n  b e c a u s e  o f  d i f f e r e n c e s  i n  non- 
e q u i l i b r i u m  i n i t i a l  c o n d i t i o n s ,  t u r b u l e n t  a i r  and  b u l k  w a t e r  f l o w s ,  t h e  
c o m p l e x i t y  of p e t r o l e u m  and t h e  l o s e  o f  h y d r o c a r b o n  s o l u t e s  t h r o u g h  t h e  
a i r ^ w a t e r  i n t e r f a c e  when p e t r o l e u m  doe s  no t  c o v e r  t h e  e n t i r e  w a t e r  
s u r f a c e .  Some i n f o r m a t i o n ,  h o w e v e r ,  can be g a i n e d  frcm t h e s e  
e x p e r i m e n t s  which i s  h e l p f u l  In e l u c i d a t i n g  t h e  f a t e  o f  s p i l l e d  o i l  in  
t h e  a q u a t i c  e n v i r o n m e n t*  A m i x t u r e  o f  l i q u i d  h y d r o c a r b o n  components  
w i l l  d i s s o l v e  and e v a p o r a t e  i n  a  f a s h i o n  s i m i l a r  t o  t h a t  o b s e r v e d  h e r e ,
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a s s u m i n g  an u n b r o k e n  h y d r o c a r  b o n - w a t e r  i n t e r f a c e .  H ydroca rbon  
t r a n s p o r t  f rom  t h e  h y d r o c a r b o n  p h a a e  t o  t h e  a q u e o u s  phase  a p p e a r s  t o  
f o l l o w  a  s u r f a c e  r e n e w a l  m o d e l .  H y d r o c a r b o n  p h a s e  ca n p o s l  t l o n  and 
i n t e r a c t i o n s  and  t h e i r  v a r i a t i o n  w i t h  t i m e  a r e  i m p o r t a n t  r e c t o r s  i n  
c o n t r o l l i n g  t h e  a q u e o u s  p h a s e  c o n c e n t r a t i o n s .
3- Summary
H o n - e q u i  1 i b r l  urn s o l u t e  c o n c e n t r a t i o n s  r e s u l t i n g  from w a t e r  i n  
c o n t a c t  w i t h  a L i q u i d  h y d r o c a r b o n  m i x t u r e  y i e l d s  s o l u t e  c o n c e n t r a t i o n  
r a t i o s  t h a t  a r e  e s s e n t i a l l y  t h e  s a m e  as  t h o s e  f o u n d  under  e q u i l i b r i u m  
c o n d i t i o n s ,  a s s u m i n g  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  does n o t  change 
s u b s t a n t i a l l y  i n  t h e  p r o c e s s ,  ft s u r f a c e  r e n e w a l  mass t r a n s f e r  model 
a p p e a r s  t o  b e s t  e x p l a i n  t h e s e  r e s u l t s .  The e s s e n c e  of  t h e  s u r f a c e  
r e n e w a l  model  i s  t h a t  s m a l l  p a r c e l s  oT w a t e r  n e a r  t h e  h y d r o c a r  bon- water  
I n t e r f a c e  r e a c h  a  n e a r - e q u i l i b r i u m  s t a t e  w i t h  r e s p e c t  t o  t h e  
h y d r o c a r b o n  p h a s e  p r i o r  t o  b e i n g  m i x e d  by t u r b u l e n c e  w i t h  t h e  bu lk  
w a t e r .  The  b u l k  w a t e r  t h e n  h a s  t h e  same s o l u t e  c o n c e n t r a t i o n  r a t i o s  as 
f o u n d  I n  t h e  e q u i l i b r i u m  s i t u a t i o n .
T h e  s u r f a c e  r e n e w a l  mass  t r a n s f e r  model  c a n  be used  t o  he lp  
e x p l a i n  s o l u t e  c o n c e n t r a t i o n s  r e s u l t i n g  f rom a w a t e r  h h y d r o c a r b o n  
m i x t u r e  + v a p o r  p h a s e  s y s t e m  i n  w h i c h  t h e  h y d r o c a r b o n  phase  c o m p o s i t i o n  
c h a n g e s  duo  t o  e v a p o r a t i o n .
A l t h o u g h  i t  w ou ld  be v e r y  d i f f i c u l t  t o  a c c u r a t e l y  model  and 
p r e d i c t  a q u e o u s  p h a s e  c o n c e n t r a t i o n s  r e s u l t i n g  frcm an e n v i r o n m e n t a l  
p e t r o l e u m  s p i l l  s i t u a t i o n ,  t h e  k i n e t i c  e x p e r i m e n t s  r e p o r t e d  h e r e  
p r o v i d e  i n s i g h t s  on  p r o c e s s e s  o c c u r r i n g  i n  a  r e a l  o i l  s p i l l  s i t u a t i o n .
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CONCLUSIONS
The  e x p e r i m e n t a l  d e s i g n  f o r  d e t e r m i n i n g  t h e  w a t e r  s o l u b i l i t y  o f  
l i q u i d  h y d r o c a r b o n  m i x t u r e s  ( l , e ,  u s e  o f  t h e  s o l u b i l i t y  v e s s e l  i n  
F ig u re  3  w i t h  s o l v e n t  e x t r a c t i o n  f o l l o w e d  by g a s  c h r o m a t o g r a p h i c  
a n a l y s i s )  p r o v e d  t o  be a d e q u a t e .  The e x t r a c t i o n  e f f i c i e n c y  f o r  
1- m e t h y l - n a p h t h a l e n e  was a t  l e a s t  9 0 * .  The c o e f f i c i e n t  of  v a r i a t i o n  
f o r  a s e t  o f  s i x  r e p l i c a t e  e x t r a c t i o n s  and  a n a l y s e s  was i n  t h e  r a n g e  o f  
1 t c  3 * .
H y d r o c a r b o n  p h a s e  a c t i v i t y  c o e f f i c i e n t s  ( a t  20 and  70°C) f o r  
b i n a r y  h y d r o c a r b o n  m i x t u r e s  d e t e r m i n e d  from s t a t i c  vapor  p r e s s u r e  
m easu rem en ts  u s i n g  t h e  method o f  B a r k e r ,  1953 a n d  from w a t e r  s o l u b i l i t y  
m easu rem en ts  u s i n g  e q u a t i o n  ( 2 )  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t *  T h i s  
f i n d i n g  i n d i c a t e s  t h a t  t h e r e  i s  no m e a s u r a b l e  d e c r e a s e  i n  component  
a c t i v i t y  c o e f f i c i e n t s  i n  t h e  a q u e o u s  p h a s e ,  I n  c o n t r a d i c t i o n  t o  
Le inonen  and  Mackay, 1973 and  L e i n o n e n ,  1976.  I t  a l s o  i n d i c a t e s  t h a t  
the  p r e s e n c e  o f  w a t e r  i n  t h e  h y d r o c a r b o n  p h a s e  (up  t o  a p p r o x i m a t e l y  
0,015 m o l e  f r a c t i o n  w a t e r  a t  70 °C) i s  n o t  a s i g n i f i c a n t  p a r a m e t e r  a t  
t h e s e  t e m p e r a t u r e s  f o r  medium m o l e c u l a r  w e i g h t  h y d r o c a r b o n s .
E q u i l i b r i u m  component a que ous  p h a s e  c o n c e n t r a t i o n s  r e s u l t i n g  from 
l i q u i d  h y d r o c a r b o n  m i x t u r e  p h a s e  i n  c o n t a c t  w i t h  w a t e r ,  w i t h i n  t h e  
p r e c i s i o n  o f  w a te r  s o l u b i l i t y  d e t e r m i n a t i o n s ,  f o l l o w  t h e  r e l a t i o n s h i p  
In  e q u a t i o n  ( 2 ) .
M o l e c u l a r  s t r u c t u r e  p l a y s  a n  I m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  
e x t e n t  o f  d e v i a t i o n  f rom  i d e a l  s o l u t i o n  b e h a v i o r  f o r  m i x t u r e s  o f  l i q u i d  
h y d r o c a r b o n s .  D i s s i m i l a r  c o m p o n e n t s  ( e , g . f a l i p h a t i c  + a r o m a t i c )  i n
b i n a r y  m i x t u r e s  e x h i b i t  s i g n i f i c a n t  d e v i a t i o n s  Trom I d e a l i t y ,  The 
e x t e n t  o f  d e v i a t i o n  from I d e a l i t y  f o r  n - a l k a n e  + a r o m a t i c  b i n a r y  
m i x t u r e s  I n c r e a s e s  a s  t h e  n - a l k a n e  c h a i n l e n g t h  d e c r e a s e s ,  most  l i k e l y
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due t o  i n c r e a s i n g  S w i t h  i n c r e a s i n g  c h a i n l e n g t h .  D e p a r t u r e  f rom 
i d e a l i t y  f o r  a l i p h a t i c  + a r o m a t i c  b i n a r y  m i x t u r e s  I s  g r e a t e r  f o r  
n a p h t h a l e n e  a r o m a t i c  components  t h a n  f o r  b e n z e n e - t y p e  c om pone n t s .  As 
the  a l i p h a t i c  p o r t i o n  o f  t h e  a r o m a t i c  component  l a  I n c r e a s e d ,  t h e  
d e p a r t u r e  from i d e a l i t y  t e n d s  t o  d e c r e a s e  f o r  t h e  n a p h t h a l e n e  
compounds.
The problem c e n t r a l  t o  p r e d i c t i n g  m u l t i c o m p o n e n t  l i q u i d  
h y d r o c a r b o n  m i x t u r e  s o l u b i l i t i e s  l a  o n e  oT a d e q u a t e l y  p r e d i c t l n g  t h e  
component  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  h y d r o c a r h o n  p h a s e .  A l though  
s e v e r a l  methods  f o r  p r e d i c t i n g  m u l t l c o m p o n e n t  m i x t u r e  a c t i v i t y  
c o e f f i c i e n t s  a r e  a v a i l a b l e ,  t h e  u3e  o f  t h e  UNIFAC g r o u p - c o n t r i b u t i o n  
method a p p e a r s  t o  t h e  most  p r a c t i c a l  s i n c e  o n l y  m i x t u r e  c o m p o s i t i o n  
d a t a  i a  r e q u i r e d .  P r e d i c t e d  s o l u b i l i t i e s  u s i n g  UNIFAC p r e d i c t e d  
a c t i v i t y  c o e f f i c i e n t s  were  g e n e r a l l y  w i t h i n  10 (  o f  t h e  m easured  
s o l u b i l i t i e s  f o r  t h e  m u l t i c o m p o n e n t  s i m u l a t e d  J e t  f u e l  m i x t u r e s  
a x a m in e d .
N a t u r a l  L e v e l s  o f  d i s s o l v e d  s a l t s  and d i s s o l v e d  o r g a n i c  m a t e r i a l  
do n o t  s i g n i f i c a n t l y  a f f e c t  t h e  a q u e o u s  s o l u b i l i t y  b e h a v i o r  o f  l i q u i d  
h y d r o c a r b o n  m i x t u r e s ,  e x c e p t  f o r  t h e  s o l u b i l i t y  r e d u c t i o n  due t o  
d i s s o l v e d  s a l t s .
N o n - e q u i l i b r i u m  s o l u t i o n s  r e s u l t i n g  from w a t e r  i n  c o n t a c t  w i t h  a 
l i q u i d  h y d r o c a r b o n  m i x t u r e  have  s o l u t e  c o n c e n t r a t i o n  r a t i o s  t h a t  a r e  
e s s e n t i a l l y  t h e  same as  t h o s e  f o u n d  u n d e r  e q u i l i b r i u m  c o n d i t i o n s ,  
a s su m in g  t h e  h y d r o c a r b o n  p h a s e  c o m p o s i t i o n  doe s  n o t  change
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s u b s t a n t i a l l y  i n  t h e  p r o c e s s .  A s u r T a c e  r e n e w a l  mass t r a n s f e r  model 
c a r  be u s e d  t o  e x p l a i n  t h i s  r e s u l t .  The  model c a n  a l s o  be u sed  to  
e x p l a i n  s o l u t e  c o n c e n t r a t i o n s  r e s u l t i n g  from w a t e r  i n  c o n t a c t  w i t h  a 
h y d r o c a r b o n  p h a s e  o f  c h a n g i n g  c o m p o s i t i o n .
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THOUGHTS FOR FUTURE RESEARCH
T h e  f o l l o w i n g  a r e  t h o u g h t s  fo r1 f u t u r e  r e s e a r c h  I n  t h e  a r e a  o f  
aqueous  s o l u b i l i t y  b e h a v i o r  of  l i q u i d  h y d r o c a r b o n  m i x t u r e s :
1. A t t e m p ts  s h o u l d  b e  made t o  d e t e r m i n e  how, I n  a c o n s t r u c t i v e  
f a s h i o n ,  t h e  i n f o r m a t i o n  r e p o r t e d  h e r e  c a n  be a p p l i e d  t o  e n v i r o n m e n t a l  
m o d e l in g  o f  a p e t r o l e u m  d i s c h a r g e  s i t u a t i o n .
2 ,  I t  s h o u ld  be  d e t e r m i n e d  how t h e  I n f o r m a t i o n  p r e s e n t e d  h e r e  can 
be a p p l i e d  t o  g e o l o g i c  s i t u a t i o n s  s u c h  as  g round  w a t e r  c o n t a m i n a t i o n ,  
a l t e r a t i o n  o f  r e s e r v b l r e d  o i l  and p o s s i b l y  p e t r o l e u m  m i g r a t i o n .
3* Tt  haa been d e t e r m i n e d  h e r e  t h a t  s o l u b i l i t y  m ea s u rem e n ts  can  
not  be u sed  t o  d e t e c t  s o l v e n t ^ i n d u c e d  ’ h y d r o p h o b i c  1n t e r a o t i a n 3 ’ . The 
vapor  p r e s s u r e  r e s u l t s  o f  Tucker  e t  a l - ,  1981 may h a v e  d e t e c t e d  t h e  
e f f e c t s  o f  p a i r - w i s e  s o l  v e n t - i n d u c e d  h y d r o p h o b i c  I n t e r a c t i o n s , b u t  
t h e i r  c o n c l u s i o n s  a r e  d e b a t a b l e .  I t  a p p e a r s  t h a t  f u r t h e r  s t u d y  
c o n c e r n i n g  t h i s  form o f  h y d r o p h o b i c  I n t e r a c t i o n  w i l l  have  t o  be non-  
t h e rm odynam lc  i n  n a t u r e  ( I . e . ,  e x a m i n e d  by e i t h e r  s p e c t r o s c o p y  o r  
m o l e c u l a r  dynamic m o d e l i n g ! .  The s o l v e n t  w a t e r  may p r e c l u d e  any 
s p e c t r o s c o p i c  means o f  i n v e s t i g a t i o n .  The b e a t  h o p e  f o r  f u r t h e r  a t u d y  
may l i e  i n  t h e  f i e l d  o f  m o l e c u l a r  d y n a m ic  m o d e l i n g .  The m o l e c u l a r  
dynamic  m ode l in g  c a l c u l a t i o n s  n e c e s s a r y  f o r  t h i s  p r o b l e m  may be t o o  
e x t e n s i v e  f o r  p r e s e n t  c o m p u t e r s ,  h o w e v e r .  I t  m i g h t  be p o s s i b l e  i n  t h e  
n o t  t o o  d i s t a n t  f u t u r e ,
The s o l u b i l i t y  o f  n - o c t a n e  aa a f u n c t i o n  o f  t e m p e r a t u r e  shows  a 
cninimum around  2 0 ° C. T t  would b e  i n t e r e s t i n g  t o  f u r t h e r  i n v e s t i g a t e
t h i s  phenomenon Tor  n - o c t a n e  and  o t h e r  h y d r o c a r b o n s  t o  d e t e r m i n e  why a 
s o l u b i l i t y  minimum e x i s t s  Tor acme h y d r o c a r b o n s .
5.  S u r f a c e  a c t i v e  s u b s t a n c e s  a r e  o f t e n  p r e s e n t  i n  l i q u i d  m i x t u r e s  
o f  h y d r o c a r b o n s , n a t u r a l  p o l a r  compounds In c r u d e  o i l s  and d e t e r g e n t s  
i n  f u e l s  and motor  o i l s .  I t  would be  i m p o r t a n t  t o  d e t e r m i n e  t h e  e f f e c t  
oT t h e  s u r f a c e  a c t i v e  s u b s t a n c e s  on  t h e  a que ous  s o l u t i o n  p r o c e s s  o f  
t h e s e  m i x t u r e s .
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